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PREFACE. 



The object of the following pages is to supply, what has long 
been felt by those most interested in the subject of electrical 
instruments, the need of a short volume dealing with the 
design and construction of this type of apparatus. Their 
substance, as may be seen from the Appendix, has been 
collected from numerous reviews, magazines, and papers read 
before various learned societies ; and is arranged in a form 
which, it is hoped, may prove to be concise, convenient, and 
easily intelligible. In the descriptions of the various instru- 
ments, as much of the details of construction as have been 
thought necessary to a correct understanding of the subject, 
have been given. But exact information of any particular 
make, has, as far as possible, been avoided ; such figures as 
there are, may be taken as representing average practice. 

My thanks are due to Prof. S. P. Thompson, D.Sc F.R.S., 
for his kindly encouragement and help ; to Dr. Drysdale, 
D.Sc, for much information and assistance ; and to Mr. 
Howgrave-Graham for suggested alterations and improve- 
ments and for kindly looking through the sheets. 

I have further to thank the numerous manufacturers whose 
names appear in the text or on the blocks, for their kindness 
in supplying me with particular information on, and illustra- 
tions of, the various instruments of their rhanufacture. 

London, MarcA, 1908. 
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SWITCHBOARD 
MEASURING INSTRUMENTS 

FOR 

CONTINUOUS AND POLYPHASE SYSTEMS. 



CHAPTER I. 
INTRODUCTION. 

The discovery by Faraday, in 183 1, that a current was in- 
duced in a wire, when it was moved across a magnetic field, 
made the commercial use of electricity a possibility, since it 
showed how mechanical energy could be directly converted 
into electrical .energy. It was not, however, till about 1867, 
when the first attempts at dynamo building were made, that 
this great discovery was put to any practical purpose. As 
soon as the first dynamo was built and the way for great 
■commercial development opened up, electrical measuring 
instruments became a necessity in order that what was going 
on in the circuit might be known. Instruments were in use 
before the dynamo was thought of, but they were not the 
class of instrument that could be handed to the consumer of 
electricity for every day use. Consequently, with the birth 
of the dynamo came the birth of a new industry, that of 
electrical measuring instruments which were accurate but not 
delicate in construction. 

A measuring instrument may be defined as an apparatus 
which gives a means of obtaining the relation between the 
quantity which we desire to measure and another fixed quan- 
tity of the same kind, called a "unit." Before proceeding 

B 
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2 Switchboard Measuring Instruments, 

further, it will be well to state the practical units which are in 
use in the different instruments which come under considera- 
tion. These practical units are in the first place derived from 
absolute units, definitions of which may be found in almost 
any text book dealing with electrical engineering. Confining 
our attention therefore entirely to the practical units, they may 
be defined as follows : — 

Current. — When an unvarying current flows through a 
solution of silver nitrate in water and deposits silver at the 
rate of O'OOiiiS gramme per second, then this strength of 
current is called an " ampere." 

An alternating current of one ampere is that current which 
when allowed to flow in a conductor, maintained at a constant 
temperature, produces heat at the same rate as would be pro- 
duced by a continuous current of one ampere under the same 
conditions. This is known as the " root mean square " or 
" virtual " value. 

Voltage. — The unit of voltage is defined to be that electro- 
motive force which when applied to a resistance of one ohm 
will cause a current of one ampere to flow in it. This is 
known as the " volt." 

An alternating E.M.F. of i volt or a virtual volt is that 
electromotive force which when applied to a conductor at a 
constant temperature, causes a current to flow of such a 
magnitude that the rate at which heat is produced is equal 
to the rate at which it would be produced by a continuous 
E.M.F. of one volt under similar conditions. 

Resistance, — The unit of resistance is taken as the resis- 
tance of a column of mercury 106*3 cm. high and 14*452 1 
grammes in mass at 0° C. This is known as the " ohm." 

Power. — Electrical power is measured in terms of a unit 
called the "watt," which is defined as the electrical power 
expended in a circuit when a current of one ampere flows 
under the pressure of one volt. 

Horse-Power, — The equivalent in electrical energy of a 
mechanical horse-power is taken as 746 watts. 

There are certain other properties and relations of an 
electrical circuit which it is indispensable for an engineer to 
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Introduction. 3 

know. Below will be found definitions of such as concern 
this subject. 

Phase-Difference, — The common practice of representing 
alternating quantities by vectors, allows the phase-difference 
between two quantities to be defined as the angle between 
the vectors representing the two quantities. 

Lag and Lead, — One electrical quantity is said to lag with 
respect to another, when the vector representing the former 
passes through the zero position later than the vector of the 
latter ; it is said to lead, when it passes through the zero posi- 
tion before the latter. 

Power Factor, — The name given to the cosine of the angle 
of lag or lead is the " power factor," and it is also the ratio of 
the true watts to the apparent watts. 

Wave Form. — The variations of an alternating quantity 
with respect to time may be graphically represented, which 
representation is called the "wave form/' 

Frequency. — The number of complete cycles of an alter- 
nating quantity in one second is called the " frequency." 

Having stated the units by which the various properties 
of the circuit may be measured, it is now necessary to enun- 
ciate the principles on which commercial instruments are 
generally constructed before proceeding to describe the 
instruments themselves. 

These principles are six in number and are all derived 
from experimentally established facts. 

I. Magneto-Dynamic Principle. 

This is based on the fact discovered by Oersted in 1820, 
that a force is exerted between a wire carrying a current and 
a permanent magnetic field. The first instruments made on 
this principle were due to Lord Kelvin and M. D'Arsonval. 

2. Electrodynamic Principle. 

This principle is based on the fact discovered by Ampere 
in 1 82 1, that a force is exerted between two conductors carry- 
ing currents. 

B 2 
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4 Switchboard Measuring Instruments. 

Instead of, as in the previous case, a field due to a per- 
manent there is substituted one due to an electromagnet. 

3. Electromagnetic Principle. 

This principle is based on the law that in every electro- 
magnetic system forces act between its parts in such a way 
as tends to reduce the reluctance of the system to a minimum. 

4. Electrothermic Principle. 

The well-known fact that heat is produced in a conductor, 
when a current flows in it, is the basis on which this principle 
is founded. 

5. Electrostatic Principle. 

When two charges of electricity are brought near to one 
another, a force is exerted between them, and upon this fact 
is based the principle on which electrostatic instruments are 
constructed. 

6. Principle of Resonance. 

If a series of small impulses be applied to a vibratory 
medium whose period of natural vibration is the same as the 
period of the impulse, then they will produce a greatly magni- 
fied corresponding series in the medium. 

V What properties and relations of a circuit are most fre- 
quently required to be measured, and on which of the fore- 
going principles can these measurements be most efficiently 
made, are the questions which have next to be settled. The 
answers to these questions have been set forth in Table I. 
below, where however, a further sub-division has been made 
to indicate the difference between instruments intended for 
alternating and continuous current systems. 

To present this matter from another point of view, a 
further Table (II.) has been given below, showing the different 
properties and relations which may be measured by any one 
principle as defined above. 
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Table I. 







Principle on which is based the instrument intended for 




Property or Relation to 
be Measured. 








1 


Continuous Current Circuits. 


Alternate Current Circuits. 


I 


Current .... 


I. 
2. 

3- 
4. 


Principle. 
Magneto-dynamic 
Electro-dynamic 
Electro-magnetic 
Electro-thermic 


I. 

2. 

3. 


Principle, 
Electro- dynamic 
Electro-magnetic 
Electro-thermic 


2 


Voltage .... 


I. 

2. 

3- 
4. 
5- 


Magneto-dynamic 

Electro-dynamic 

Electro-magnetic 

Electro-thermic 

Electro-static 


I. 

2. 

3- 
4- 


Electro-dynamic 
Electro -magnetic 
Electro-thermic 
Electro-static 


3 


Resistance. . . . 


I. 

2. 

3- 
4- 


Magneto-dynamic 
Electro-dynamic 
Electro-magnetic 
Electro-static 


I. 

2. 

3. 


Electro-dynamic 
Electro-magnetic 
Electro -static 


4 


Power .... 


I. 


Electro-dynamic 


I. 


Electro-dynamic 


5 


Frequency . . . 






I. 

2. 

3- 


Electro-dynamic 
Electro-magnetic 
Resonance 


6 


Power factor . . 




.. 


I. 


Electro-dynamic 


7 


Wattless component 
of the current 




•• 


I. 


Electro-dynamic 



Before giving a detailed description of the various instru- 
ments working on these principles, it is important to know the 
object at which the manufacturer aims. It will be generally 
allowed that his chief aim is accuracy with low power-con- 
sumption and cheapness. The question as to what is a suit- 
able or sufficient accuracy is one which has led to considerable 
debate. A very accurate instrument say \ per cent, will cost 
considerably more than one whose accuracy is i per cent. ; but 
where does the advantage of the greater accuracy lie, since 
a switchboard attendant cannot be relied upon to read within 
2 per cent, under ordinary working conditions ? Is it not better 
to be able to rely on the readings of an instrument, whose cost 
is moderate, itself accurate to within i per cent, when on the 
switchboard and in work, than to have a very accurate instru- 
ment whose cost was considerable, since in both cases the 
total error in reading must be between 2 and 3 per cent. } 
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Table II. 



Type. 


Principle on which 
Instrument is based. 

M agneto-dy namic 


System. 


a 

b 
c 


Name of Instrument 


A 


Moving coil . 


ammeter 
voltmeter 
leakage indicator 


B, 


Electro-dynamic 


Moving coil (i) air 

core 
Moving coil (2) iron 

core 


a 

b 
c 
d 
e 


ammeter 

voltmeter 
wattmeter 
phasemeter 
idle current watt- 
meter 


B, 


»j >» 


Induction (i) shifting 
field 


a 


ammeter 






b 
c 
d 

e 

f 


voltmeter 
wattmeter 
idle current watt- 
meter 
frequency meter 
leakage indicator 






Induction (2) revolv- 
ing field 


a 

b 
c 


ammeter 

voltmeter 
wattmeter 


C 


Electro-magnetic 


Moving iron . 


a 

b 
c 
d 
e 

f 


ammeter 

voltmeter 

horse power meter 

ohrameter 

leakage indicator 

frequency meter 


D 


Electro-thermic 


Hot wire ... 


a 
b 


ammeter 
voltmeter 


E 


Electro-static 


Moving vane . 


a 
b 


voltmeter 
leakage indicator 


F 


Resonance 


Vibrating reed . 


a 


frequency meter 



Further, if, as is sometimes necessary, the customer has to 
choose from several instruments possessing practically the 
same accuracy, etc. but differing in price, he will probably 
decide on the cheapest losing sight of the fact that he will 
have a continuous charge for power-consumption which is 
generally greater in the cheaper instruments. 

Below will be found a table giving the power-consumption 
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of most of the types of instrument described in the chapters 
which follow. 

Table III. 







Range 






Power 
Con- 








Current 


Voltage 




Type. 


Instrument. 




taken 


Drop 

(volts). 


st imp- 






From 
O 


To 


(amps.). 


tion 

(watts). 

40 


A 


Ammeter 


500 




o-o8 




Voltmeter 


O 


200 


001 


^ , 


2 






lOO 


200 


0*02 




4 


Bi 


Ammeter 


O 


18 




0-9 


16 






O 


100 


.*.' 


0-5 


50 




Voltmeter 


O 


200 


0-05 




10 




Wattmeter 


o 


/lOO V 












1 iiooA 


032 


0-93 


42 




Phasemeter 


P.F. i-o - o 

(lOO volts) 


0-07 


0*05 


10 




»» 


P.F. i-o - o 


0*07 


0-05 


7-10 




(Westinghouse) 


(loo volts) 








Bs 


Ammeter 
(revolving field) 


o 


5 


•• 


1-8 


9-0 






I 


120 




0-3 


25 -o* 




Voltmeter 


o 


no 


0-064 




7-0 




(revolving field) 














Wattmeter 


o 


/noV 
I 5 A 










(revolving field) 




0023 


0-I3 


3'2 




Wattmeter 


o 


jiooV 

\lOD A 










(shifting field) 




0-05 


0*015 


6-5 




Frequency meter 


50- 


(100 volts) 


0*15-0 20 


.. 


15-20 


c 


Ammeter 





5 




0*2 


I'O 









10 




0-3 


3*o 









100 




0*03 


3-0 









500 




O'OI 


5-0 




Voltmeter 





10 


0*2 




20 









100 


o*o6 




6-0 









200 


0*05 




100 









500 


0*04 




20-0 






60 120 


0-05 




60 


D 


Ammeter 


500 

! 200 




0-2 


lOO'O 




Voltmeter 


o'i7 




34-0 






20 1 120 


0'2I 




250 


E 


Voltmeter 


any range 









F 


Frequency meter 


50^ (100 V) 


o-o5-o*i 


•• 


5-10 



* Worked from current transformer, secondary current = 5 amps. 
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CHAPTER II. 
GENERAL REMARKS. 

There are two main classes into which instruments may be 
divided — 

1. Alternating current instruments. 

2. Continuous „ „ 

In two cases, types D and E, the instruments may be used 
on either A.C. or C.C. circuits without altering the accuracy,, 
and type C could be used, if very accurate readings were not 
of importance. There are a few constructional details which 
have to be observed in making A.C. instruments which do not 
occur in C.C. work, made necessary by the induced eddy 
currents in masses of metal inside the instrument. They are, 
that all metal bobbins should be split, and that small metal 
parts such as spindles, bridges, etc. should be made of a high 
resistance material, such as German silver, which is practically 
free from eddy currents. 

Both of these classes of instruments can be made as either 

1. Indicating instruments ; or 

2. Recording „ 

As the name implies, an indicating instrument simply shows 
what the value of the current, voltage, etc. may be at any 
particular time, and does not make a permanent record of that 
value, this being the functiori of the recording instrument. The 
movement used in the latter is practically identical with that 
used in the former, the only difference between them being that 
owing to the friction introduced by the pen a larger power 
consumption is required, and consequently the necessary means 
to supply this want have to be provided. The recording appa- 
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ratus, Fig. i, which shows the construction of an Elliott re- 
corder consists, of a drum driven by clockwork to which is 
attached a chart upon which the pen of the movement records. 
The pen, Fig. 2, is generally of the form of a small reservoir 
for ink with a very fine capillary tube through which the ink 



Fig. I. 

flows on to the chart ; this pen is attached to the end of the 
pointer which in this case hangs downward. 

The troubles caused by the ink have led Messrs. Everett, 
Edgcumbe to introduce a new arrangement in which ink is 
dispensed with, see Fig. 3. By means of a " synchronome '* 
clock, see Fig. 4, they give a hard steel style a succession of 
light blows, the common rate being one every five seconds. 
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Between the steel style and the chart is stretched a carbon 
ribbon which records the blows as a dot, and at the speed 
mentioned these dots are so close together that the record 
appears practically continuous. 



Fig. 2. 

The usual speed for recording clocks is i inch per hour, 
but this speed can be varied within wide limits to suit the pur- 
pose for which the instrument is intended. 

The movement for the switchboard pattern is fixed into a 
case, such as shown in Fig. 3, but these instruments may be 
made portable by fixing them into a much lighter case, as 
shown in Fig. 5. 
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Pot or Case, — There are three metals which are commonly 
employed for the construction of this part, they are iron, brass, 
and aluminium, ranged in the order of their utility. Iron, the 
commonest of all, is an excellent material to use for this pur- 
pose since it possesses great magnetic shielding power, takes a 



Fig. 3. — Recorder with Case Open, and Tapper 
Frame turned back. 



good finish, see Fig. 6, and is strong and cheap. Brass is used 
only in such instruments as are unlikely to be brought under 
the influence of strong magnetic fields, and gives a strong pot 
capable of taking a fine finish, see Fig. 7. Aluminium is not 
largely used, but is of advantage where lightness is important 
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which is discounted by its lack of strength although it takes a 
smart finish, Fig. 8. 

The pots are generally cast to the required shape but in 
the case of the first two they are also often found made up 
from thin sheets. For alternating current instruments where 



Fig. 4. — Electric Clock. 

eddy currents are likely to be generated in the metal case some 
makers prefer to construct the pot of a non-metallic substance, 
such as ebonite, stabilit, or ambroin. These pots of course cost 
more than the ordinary cast pot, but they will take a very nice 
finish which is preferred by some to the ordinary metal finish, 
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Fig. 5. 



Fig. 6. 
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see Fig. 9. This non-metallic case was largely used for watt- 
meters, and phasemeters, owing to the serious error which 



' Fig. 7. 

f 



Fig. 8. 



eddy currents introduce into these instruments at low power 
factors, but by careful design these instruments can now be 
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had in cast-iron pots, the error introduced being small, as can 
be seen from curve, Fig. 10, for a wattmeter range 0-50 k.w. 

The shapes which the pot takes are very numerous, depend- 
ing to some extent on the work which the instrument is re- 
quired for. The form most generally met with is the round 
pot, see Fig. 6, which is suitable for a great variety of condi- 
tions ; but is not easily converted into an illuminated dial instru- 
ment, owing to the large amount of space which would be 
wasted. The edgewise form was an endeavour to meet the 



Fig. 9. 

demand for an instrument which took up little room on the 
switchboard and whose scale could readily be seen. This form 
may take three shapes ; (i) the overtype, where the scale is 
placed underneath, the instrument being in a position above 
the line of the attendant's eye ; (2) the horizontal type, where 
the scale is horizontal ; (3) the under type, where the scale is 
above, the instrument itself being under the attendant's eye. 
See Figs. Ii, 12 and 13. Fig. 12 is the photo of a vertical 
scale instrument, which may be used in a horizontal plane, if the 
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figures are placed accordingly. The body of these instruments 
may be placed in a hole cut in the switchboard, when only a 
small part of the instrument — that containing the scale ar- 
rangement — will project outwards ; a point of great importance 
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where the board is restricted in space. There is a very, great 
disadvantage attendant on the use of this form, viz. the large 
error, due to parallax, which may be introduced when taking 
a reading. Since the reading has to be made on a scale along 
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the edge of a circle, it follows that, if of comparatively small 
radius such as has to be used in instruments, there will be a 
place where the pointer and scale will appear to the attendant 
to approach the parallel. Here the error due to parallax will 












be greatest, but will gradually fall off as the pointer comes into 
the shortest line between the scale and the man's eye. 

Where the instruments are placed at some distance from 
the attendant, or in a dark situation, it becomes necessary to 

C 
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illuminate the dial. This may be done by throwing a light 
on to the scale from the front, or through the scale from 
behind ; the latter being the more satisfactory. This necessity 
for illumination in round instruments, which we have seen to 
be difficult, led to the introduction of the sector or thistle 
shape, see Figs. 14, 15, 16. 



Fig. 14. 

In cases where a simultaneous reading of amperes and 
volts is an advantage, the two instruments may be arranged 
in one pot so as to indicate on one scale, in such a manner 
that both pointers may be easily read at the same time, and 
readings taken very quickly, see Fig. 8. 

In the case of all pots the lids must be hermetically sealed 
to prevent moisture from getting to the movement. 

In the "Portable" type, see Figs. 17 and 18, the case 
(lined with sheet iron to shield the movement) is usually made 
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Fig. 15. 



Fig. 16. 



C 2 
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20 Switchboard Measuring Instruments, 

of a hard wood, as teak, walnut, or mahogany, which will 
stand rough usage and take a good finish. 

Opening, — The opening provided in switchboard instru- 
ments for reading the scale are very diverse in shape, as can 
be seen from Figs. 6, 8, 13 and 19 ; but as long as the scale can 
be easily seen and the appearance of the instrument is pleasing, 
it does not matter at all what shape is used. The opening is 
fitted with glass and sealed in a similar fashion to the lids 
mentioned above. 



Fig. 17. — Portable Voltmeter. 

Scale. — The scale is a very important part of the instru- 
ment, and is one where errors may quite easily creep in, since 
small errors may be introduced both by the calibrator and 
printer. Taking an average case of preparing and fixing the 
scale for a moving iron voltmeter, an error of ±0*7 per 
cent, is sometimes found as the result of these operations. 
The earliest scales were engraved on metal. These are now 
practically obsolete, since they were expensive to produce and 
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generally inaccurate. Printing on enamel has been tried, 
but was given up in preference for printing on paper or thin 
cardboard. The latter is much cheaper and on it the scales 
can be produced with greater accuracy than on other mediums. 
The cardboard is usually of a dull surface to prevent the 
reflection of light from interfering with ease in reading, and is 
cemented to a metal plate, generally of zinc, to keep it stiff. 
In illuminated dial instruments the scale is made of opal glass, 
the markings being etched in by hydrofluoric acid. The 



Fig. 18. 

markings of the scales for switchboard instruments should be 
fairly thick so as to be distinctly seen at some distance away. 
They should not be too numerous, especially in that part of 
unequally divided scales where the marks are close together, 
somewhere about 50 in a 5j-inch scale. About the best 
possible length of scale will be one which subtends an angle 
of not more than 75° at the centre of the movement. In 
scales having an angle of from 100° to 120'', parallax causes 
an error when a reading is made near the top or bottom point ; 
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and in scales which are nearly a complete circle there is also 
an awkwardness in placing the figures, so that they are difficult 
to read, see Fig. 19. 



Fig. 19. 

1 Pointers. — The pointers must be bold, but should 

^^L have their tip about the same width as the markings 
^^J of the scale. The "spearhead" pointer, shown in 
X Fig. 20, is one of the best. 

Controlli7ig Force, — In every electrical measuring 
instrument there are two positions of rest for the 
movement ; one when no current flows, the other 
Fig. 20. when the axis of the moving system lies in the line 
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of the deflecting force. This last position is independent of 
the magnitude of the deflecting force, being solely governed 
by friction ; consequently, it is necessary to introduce a con- 
trolling force to make the deflection proportional to the 
magnitude of the deflecting force. The controlling forces 
employed are : — 

1. The pull of a helical spring, as in Swinburne instru- 
ments. 

2. The twist of one end relatively to the other of a helical 
spring, as in the Ayrton and Perry instruments. 

3. The torque of a spiral spring. 

4. The force of gravity. 

Numbers 3 and 4 are now practically the only ones used 
in commercial instruments. The spiral spring makes an 
excellent control ; for, if the spring has been well aged, it 
remains almost constant, and no great care need be exer- 
cised in fixing the instrument perpendicularly. Sometimes 
instead of using one spring only, two are employed set in 
opposition to one another so as to minimise errors of elonga- 
tion due to variations in the temperature. 

On the other hand, the gravity control is much cheaper ; 
and, as it is absolutely constant within the limits of the 
force of gravity, it is equally good except that the instru- 
ment must be fixed level, otherwise a zero error will occur. 
But this error, where it does occur, can be easily estimated 
and allowed for. 

Damping Devices. — In ordinary practice the load on the 
mains is never steady for any length of time. It is easily seen, 
therefore, that if the instruments used are to follow accurately 
the variations in the load they must be very dead-beat. 
Without some form of control to damp the oscillations of the 
movement, accurate readings would be impossible, since the 
large moment of inertia and the small amount of friction at 
the pivots would tend to make the pointer take a large swing 
for a small increase or decrease in the deflecting force, that is, 
when a small increase or decrease in the load occurs. 

The common devices used to make the motion dead-beat 
may be divided as follows : — 



Digitized by VjOOQIC 



24 Switchboard Measuring Instruments. 

1. Magnetic Fig. 7. 

2. Fluid It^'*"'.^ g^^f- 

\ b. Liquid, Fig. 21 

All three methods are in general practice, but perhaps i 
and 2a are more frequently used than 2b, 

I. Magnetic damping depends on the induction of eddy 
currents in metal parts when they are moved so as to cut 
magnetic lines. In those instruments where metal frames are 
used, the necessary damping control is supplied b/ the eddy 
currents induced in them, but where no metal is used in the 
construction of the frames, a disc of copper or aluminium is 
generally fixed to the spindle, so that its rim revolves between 




Fig. 21. 

the poles of a small permanent magnet which has been well 
aged. This type of damping device is impracticable for alter- 
nating current instruments, unless the coils are shielded so 
as to protect the magnet against the weakening action of 
alternating fields. 

2a. The use of the resistance offered to a small light vane 
when moved in air is the most satisfactory method of damp- 
ing the motion, because it is absolutely constant, and the 
necessary apparatus is easily made. The vane is usually 
attached to an arm fixed to the spindle, both vane and arm 
being as light as possible in order not to appreciably increase the 
moment of inertia of the movement. The vane usually moves 
in a box or a cylinder ; the clearance left between it and the 
sides of the enclosing vessel is very small, so that the air 
resistance may be as large as possible. 
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2b, Liquid damping is the oldest type of damping em- 
ployed for commercial instruments. It cannot, however, be 
used at all in portable instruments, and is not very satisfactory 
when put into those intended for switchboard work. The 
principle of this device is the same as that used in the previ- 
ous one, but instead of the light vane moving in air, it moves 
in a vessel containing a viscous liquid as oil or glycerine. 
Care should be taken that no part of the vane comes above 
the surface of the liquid, otherwise some of the liquid will 
adhere, and *' creeping " in the reading will result. 

Shunts, — In order that the current flowing in an ammeter 
moving coil may be proportional to the current in the main 



Fig. 22. 

circuit, a section, of low resistance and negligible temperature 
coefficient, has to be inserted in one of the mains. To the 
ends of this section the terminals of the instrument are con- 
nected. This section is usually known as the ** shunt," and 
consists of two large terminal blocks of copper or brass be- 
tween which are sweated, brazed or cast, the low resistance 
material to be used, see Fig. 22. This material, usually 
eureka, manganin or constantan, takes the form of either 
wire, rod or sheet, depending on the range of the shunt, and 
is arranged so as to present as large a radiating surface as 
possible to the air. The voltage drop across this shunt varies 
from o*o6 to O'l volt in type A instruments, and is some- 
what higher than this for instruments of types C and D. 
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External Resistances, — These are used with such instru- 
ments as require the current flowing in their coils to be pro- 
portional to the voltage. They generally consist of the same 
material as the shunt, wound in the form of a coil whose 
resistance remains practically constant at all ordinary working 
temperatures. Sometimes they are placed inside the instru- 
ment ; but this is only done for low ranges, since the heat 
radiated by the coil may produce alterations in the resistance 
of the moving coil, and thus introduce errors. More generally 
they are met with in metal boxes with perforated sides, so as 
to dissipate heat as rapidly as possible. 
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Transformers. — Faraday's well-known experiment, of 
winding two coils of wire on a ring of iron, through one of 
which he sent a current, and from the variations of this current 
obtained from the second coil another current, may be regarded 
as the foundation of modern transformers. In these the iron 
ring is replaced by a laminated core, usually of rectangular 
shape, possessing a closed magnetic circuit. The laminations are 
of the best soft iron obtainable (for B and H curve, see Fig. 23), 
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and are between 12 and 18 mils thick, with some form of 
insulation between them, generally thin tissue paper or shellac 
varnish. On this core are wound the primary and secondary 
coils, the size of wire and the number of turns required for 
each depending on the work which the transformer has to do. 
The disposition of the copper and iron provides a convenient 
but somewhat indefinite means of classifying transformers with 
regard to their construction. When the copper is entirely 



Fig. 24. 

surrounded by iron, it is called a " shell '' or " mantle " type 
transformer, whereas if the copper is not completely surrounded 
by iron, the transformer is said to belong to the "core" type. 
With regard to their work there are also two classes into which 
transformers may be divided, viz. — 

I. Voltage, pressure, or potential transformers. (Figs. 24 
and 25.) 
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2. Current and bus-bar transformers. (Figs. 26, 27 and 28.) 
Voltage and current transformers may be made in either 

shell or core type, but when intended for instrument work are, 

as a rule, made in the latter. 



Fig. 25. 

Voltage transformers are those in which a current at a 
high potential is stepped down to a current at a much lower 
potential. The insulation employed to separate the primary 
and secondary coils from one another and the core from the 
coil wound next to it, must necessarily have a high dielectric 
strength. For this purpose, tubes made of mica and good 
adhesive varnish are generally used. The primary coil, that 
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is, the coil supplied with current at high potential, is usually- 
divided into a number of sections each separately insulated. 
These undergo several processes, in each of which they are 
dried and impregnated with a good insulating varnish ; they 
are then grouped together and placed on the core thus form- 
ing the primary winding. The secondary winding will require 



Fig. 26. — Current Transformer, Core and Coils 
only, shown without the insulation. 

only a small number of turns of wire, since the current taken 
by a voltmeter is small. Where a number of instruments are 
to be worked from one transformer, it is necessary to have a 
sufficient number of turns to supply the current required. It 
is further a great advantage to have the drop on the secondary 
winding small, not more than i per cent, for then it is permis- 



sible to assume that 

E2 = El 



s. 

Sx 
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where E^ = secondary voltage 

El = primary voltage 
S2 = no. of secondary turns 
Si = no. of primary turns 



Fig. 27. 

since in this case the instrument may be calibrated directly 
on the lower voltage instead of being calibrated in conjunction 
with the transformer. 

In Figs. 29 and 30 are embodied the results of a series of 
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tests on a voltage transformer made by Dr. Drysdale, for fuller 
particulars of which reference should be made to The Electri- 
cian, vol. Iviii. p. 1 60. Fig. 29 shows the variation in the ratio 
of transformation; and Fig. 30 the alteration in the phase-dis- 
placement between the primary and secondary voltages, when 
different loads are applied to the secondary. The curves were 
obtained when the load was respectively (i) zero, the second- 
ary being on open circuit ; (2) a non-inductive load of 2400 
ohms, and (3) an inductive load of 900 ohms impedance. 
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Fig. 28. 
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The principal points to be noted in the design of voltage 
transformers are that : — 

1. The resistances of the coils are made as small as 
possible. 

2. The primary and secondary coils be wound as close 
together as the construction will permit, so as to make mag- 
netic leakage very small. 

Current transformers are similar to the former, but must 
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be provided with a primary winding capable of carrying the 
current to be transformed. If the voltage of the system on 
which they are to be used is high, then as much care must be 
given to the insulation as was exercised in the previous case. 

As a rule the primary winding is wound on the outside of 
the secondary, so as to provide a large radiation surface. But 
in the case of bus-bar transformers, where the bus-bar carrying 
the current to be measured is to be used for the primary, the 
secondary is wound on one limb of the core, and the whole 
apparatus fixed to the bus-bar in such a manner that the 
maximum number of lines thread through the coil. (See 
Fig. 28.) 
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In circuits carrying heavy currents from 800 amperes and 
upwards, a transformer is indispensable, since it allows a simpler 
and cheaper instrument to be used, whilst it gives an accuracy 
quite as good as if a heavy current instrument were used. 
The secondary is wound of such a wire as will give from 5-10 
amperes at 100-200 volts. 

In the case of current transformers it has been shown that 
the instrument to be used in order to obtain approximate 
constancy of ratio over a wide range of load is one possessing 
a low resistance and reactance. It is not correct, therefore, to 
assume that the readings given by an instrument are accurate. 
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unless it has been calibrated in conjunction with the trans- 
former in whose circuit it is to be connected. Fig. 3 1 gives 
the results of tests made on a current transformer (see paper 
mentioned above) to show how the ratio of transformation 
varies with the load. Curve No. i was obtained when the 
secondary was short-circuited, curve No. 2 when there was a 
non-inductive secondary load of 5*9 ohms, and curve No. 3 
when a lagging inductive .load was used, the impedance of 
which was 5*7 ohms, and cos ^ = 0*222. Fig. 32 gives the 
corresponding phase-displacements between primary and 
secondary currents when the loads were varied as before. 
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Fig. 32. 

These transformers ought to have : — 

1. A small magnetising current with small magnetic reluc- 
tance and low induction density. 

2. Small impedance in the secondary circuit. 
Materials, — A few particulars, which may be of interest, 

of the most important materials employed in the construction 
of these instruments, are appended. By the most important is 
meant, not those that enter most largely into the construction^ 
but those on the constancy of whose properties the accuracy 
of the instrument depends. 

Magnets, — Permanent magnets are used in type A instru- 
ments to supply the magnetic flux. Elsewhere they are used 
only for damping purposes. The form used for field magnets 
is more fully considered at page 38. 

D 
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Table IV. 



Name of SteeL 

Assailly. 
Chatillon . , 
Boehler . . 
AUevard 



Chemical Composition- 



2-7%W, i-io%C 
2-7% W, I -02% C 
2-9% W, i-io%C 
5-S%W,o-S9%C 



Coercive Residual 

Force. Magnetism. 



68 
69 

74 
72 



500 
540 

530 
560 



In a paper on " The Magnetic Properties of Tempered 
Steel," in the "Bulletin de la Society d' Encouragement 

pour ITndustrie Nationale/' Madame 
Curie arrives at the conclusion that 
for the best magnets, tungsten steels, 
properly hardened by quenching, 
should be used. Further she shows 
that in order to obtain permanency 
of strength they should be baked for 
about 48 hours at from 6o°-70° C, 
and then partially demagnetised to 
the extent of about 10 per cent. 

Magnets thus treated will remain 
constant in strength for a long time, 
and are practically unaffected by 
blows. A few of the tests on such 
steels are given above. 

A common method used to pro- 
duce permanent magnets is to fix 
the iron or steel to be magnetised to the poles of an electro- 
magnet energised by a continuous current flowing through 
the coils C, see Fig. 33. In the gap between the poles of 
the magnet is pivoted a copper disc D. When the electro- 
magnet due to the passage of a current becomes active, and 
the disc D is revolved, there are induced in this disc eddy 
currents. The effect of these eddy currents is such that 
the permeability for the space occupied by the disc is less 
than v/hat it would be if no disc were there. The result is 
that the larger portion of the magnetic lines go along the 
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path provided by the magnet M which is consequently 
strongly magnetised. 



Table V. — Properties of Common Materials used in Instruments. 



— 


Material. 


Specific 
Resist- 
ance in 
M ichroms 

per cm. 
Cube. 

1*561 


Temperature 
Coefficient 
per 1° C. 

0*00428 


Composition. 
Pure 


< 


I 


Copper (annealed) 


2 


Aluminium 


2-762 


0*00393 


99-6A1, o'HSi, 0*31 


Fe 


3 


Phosphor bronze . 


16 


0*00038 






4 


Nickel steel . . 


29-452 


0*0020I 


4*35 per cent. Ni 




5 


German silver 


rso-o 
129 -98 


|o* 00036 
to 000273 


Cu 6o-i ; Zn 25-37; 
0*3; Ni 14*03 


Fe 


6 


Manganin . 


42 


see curve 
(Fig. 34) 


CU84; Ni4; Mn 12 




7 


Eureka 


47-1 


0*000005 






8 


Platinum silver . 


(24- 12 

131-582 


ro*ooo3i 
\o* 000243 


Ag66; Pt33 




9 


Constantan 


48-6 


0*000017 


Cu 60 ; Ni 40 




lO 


Brass .... 


7-8 


depends on 
composition 







i 



Material. 



Specific Resistance 

Mega Megohms per 

cm. Cube. 



1 Mica 

2 I Micanite . 

3 I Shellac 

4 ' Black fibre 

5 Ebonite . 



84 

2,490 

9,000 

68 

28,000 



I. Copper. — The standard resistance used for comparison 
is that originally formed by Matthiessen, and is the resistance 
of a copper wire i metre in length, i gramme in weight, at 
60° F. This resistance is 0*150822 ohm for annealed high 
conductivity copper. The principal impurities which occur 

D 2 
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in this metal are arsenic and antimony, which should, as far 
as possible, be removed, as they seriously affect the conduc- 
tivity. A percentage as low as O'Oi per cent, of arsenic and 
antimony, lowers the conductivity 0*5 per cent, while c 03 
per cent, lowers it as much as 9* 5 per cent It is now possible 
to obtain copper for commercial purposes at least i per cent 
better than Matthiessen's standard. 

2. Aluminium, — The purest aluminium met with in com- 
mercial work contains about 99*6 per cent of the metal, with 
traces of iron about 0*31 per cent, and silicon about o* 14 per 
cent Weight for weight it is about twice as good a conductor 
as copper, the density of the latter being 8*79 and of the 
former 2*6. It is for this reason that it is so largely used in 
the light movements so necessary in instrument work. 

3. Phosphor Bronze, — This is an alloy of copper, tin and 
phosphorus, of a reddish brown colour, which after proper 
annealing and tempering possesses great resiliency, an indis- 
pensable requisite for springs. As a setback, however, to this 
desirable property it has a rather high temperature coefficient 
and great specific resistance, which is a disadvawtage when, 
as is sometimes the case, the springs are used as conductors. 

5. German Silver. — This is one of the oldest alloys 
possessing a low temperature coefficient The constants 
given will vary somewhat largely for small variations in the 
composition as also do the colour and hardness. When 
exposed to the air for any length of time this alloy becomes 
very brittle. A copper and German silver junction has an 
average thermo-electric force of about 17 microvolts per i°C. 
It is, however, being very largely superseded by manganin. 

6. Manganin, — This is a soft material which readily 
oxidises in air. It was the outcome of a series of experiments 
carried out by Dr. Weston in 1888 in America, on the varia- 
tion of resistance when manganese was added to copper. If 
heated at a temperature of 140° F. for about 5 hours in a bath, 
and prevented from coming into contact with the air by a coat- 
ing of shellac, it Js found that the resistance will then remain 
practically constant. The composition given in Table V. is 
the one found to give the smallest temperature coefficient 
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which is not absolutely constant, but varies as shown in the 
curve, Fig. 34. Here the average temperature coefficient over 
10° C. is plotted against the temperature. 
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Fig. 34. 

8. Platmum Silver, — This alloy is of a white colour and 
does not become oxidised when exposed to the air. It 
remains unaltered after undergoing baking and annealing 
processes, and has been found to remain constant in its elec- 
trical properties for a very long time. 

9. Cofistantan, — This material possesses an advantage 
over manganin in that it can be heated up to 300° C. without 
affecting the constants ; and further it resists oxidation even 
when heated to this high temperature. There is, however, one 
serious drawback to its use. Its thermo-electric force with 
copper is high, amounting to about 37 microvolts per 1° C, 
whereas that of manganin and copper is only i ' 5 microvolt 
per 1° C. 
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CHAPTER III. 
MAGNETO-DYNAMIC PRINCIPLE. 

Moving Coil System. 

Moving coil instruments made on this principle, page 3, 
are in consequence restricted in their use to the measurement 
of continuous currents. 

These instruments consist of a permanent magnet and a 
small pivoted coil capable of rotation in the field of this 
magnet. 

ay b. Ammeters and Voltmeters. 

Though intended to measure distinct properties of the 
electrical circuit, the difference between their construction is so 
slight that, for the sake of brevity, they will hereafter be con- 
sidered together. 

Construction. — The magnet A, Fig. 35, usually takes the 
common horse-shoe form, or some slight modification of it, 
according to the necessity of the design, and is made of the 
best steel obtainable. The section is rectangular, and from 
J to f square inch in area, according to the range of the instru- 
ment. The steel found most frequently used for this class of 
work, is steel alloyed with different percentages of either 
tungsten or chromium, according to the experience of the 
makers, and tempered glass hard. The reliability of this 
instrument depends almost entirely upon the permanency of 
the magnet, which will be valuable in proportion to the length 
of time that it will retain its magnetism without loss. To 
obtain this essential quality the magnet has to undergo some 
process of magnetic soaking, in order that its strength may 
not diminish through lapse of time. There are various 
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methods of accomplishing this result, but one of the simplest 
and most effective is that of Professors Strouhal and Barus, in 
which the steel is subjected to a steam-bath for from 20 to 30 
hours, according to its volume. It is then fully magnetised 
and again replaced in the bath for another 5 to 8 hours. 
This process has the effect of producing in the magnet what 
it could only have acquired after several years, and is called 
"Artificial Ageing." The strength of field required from this 



Fig. 35. 

magnet, is proportional to the loss due to friction at pivots, air 
resistance, and weight of pointer and coil. The usual value of 
this field is from 1 500 to 2000 lines per sq. cm., but instru- 
ments have been made with fields varying from 700 to 45CX> 
lines per sq. cm. 

To concentrate this field and make it as radially uniform as 
possible, there are fixed to the magnet two soft iron pole 
pieces B, shaped so as to leave an open circular space in the 
centre of which is fixed a soft iron core C, between which and 
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the face of the pole pieces a narrow annular gap is left The 

radial depth of this gap varies from 0*09 to O' 14 inch. 

G The moving coil D consists of a few turns of Nos. 31 to 33 

S.W.G. double silk covered copper wire for ammeters, and 

about 2 layers of the same class of wire but of smaller gauge, 

Nos. 40-43, for voltmeters, wound on a slight framework 

generally of rectangular shape made of aluminium or copper. 

Some makers prefer the one, some the other, according to the 

object which they wish to obtain, aluminium giving lightness 

and rigidity, copper affording a greater damping effect and 

possessing greater plasticity. This coil is pivoted generally 

at the centre, but in some instruments at the ends of one side, 

so as to swing freely in the annular gap already described. 

The pivots are made of glass-hard steel, needle pointed, and 

with the finest polish obtainable, set in sapphire or agate 

sockets. Particular attention has to be paid to the surfaces 

here, in order to reduce friction-loss to a minimum. To 

balance the torque due to the magnetic fields, some* kind of 

control, which usually takes the form of a spiral spring S, is 

needed. These springs are made of a non -magnetic material, 

generally phosphor-bronze, which remains practically constant 

in strength, and therefore produces no error due to ageing. 

In order to lead the current on to and away from the coil, 
one end of the coil is connected to the metal spindle, and thence 
through the control-spring to the terminal. The other end of 
the coil is attached to a small non-conducting collet, usually 
of bone or ivory, on the spindle, where it is connected to a 
single loop of thin narrow copper strip, which produces almost 
no action on the control. Fig. 36 shows the method employed 
by Messrs. Crompton, Ltd., for leading the current into and 
out of the moving coil, in this case the strips B are composed 
of silver foil. The other end of the strip is attached to an in- 
sulated stud on the pole-piece, and thence the current flows 
through what is technically known as the " Swamp " (see page 
44), to the other terminal. 

A light metal stamping is attached by means of a collet 
to the spindle, which is used to carry the pointer and the 
counterpoise weights necessary to balance it. 
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The scale is printed on thin Bristol card backed with 
zinc, and fixed as far as the length of the pointer allows from 
the centre of the coil so as to give as open a reading to the 
scale as possible. The angle subtended by the scale depends 
on the size of the instrument, but is from 60° to 75° for instru- 
ments having pointers 4 to 5 inches long. In instruments 
where an open scale near the working point is an advantage, 
springs are used which are already exerting a torque, thus 
preventing the needle from indicating until this torque is over- 
come ; the effect of this is to lengthen the scale, but not in 



Fig. 36. 

any wise to affect the accuracy of the instrument. To indicate 
this modification the phrase '* Set up " is prefixed to the name 
of the instrument. 

These parts, the magnet, pole pieces, core, and moving 
coil, when assembled are known as the " movement," and are 
fixed to the pot or case through an insulator which serves the 
double purpose of insulating the movement and isolating the 
magnetic system when the pot is of iron. In this case the 
insulator separating the movement from the pot is usually 
from J-inch to J-inch thick, in order to reduce to a minimum 
any magnetic leakage from the permanent magnet to the pot. 
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Theory. — Assuming that we have a magnetic field whose 
intensity is H lines per sq. cm., and that there is placed in it 
a wire of length / cm. carrying a current of C absolute units. 
Now let this wire be moved at right angles to the field through 
a distance x cm. in such a way as to cut the field. The area 
swept out by this wire will be equal to /.r sq. cm., and the 
number of lines cut to H Ix. Now, since the wire is carrying 
a current of C units, the work done in cutting these lines will 
be equal to C H /;r ergs. But as in dynamics the work done 
by a force /, in moving its point of application through a 
distance Xy is equal to f x units of work, that is 

r r work 

force = / = 

X 

and substituting above value for the work done we have 
/ = CH^^ = C H / 

X 

acting in a direction at right angles to both the wire and the 
magnetic lines. 

Applying the result just obtained for a general case to 
the particular case of a moving coil instrument, it will be 
found that, since for any instrument the length of wire / and 
the intensity of field H remain constant, the force varies as 
C. The current considered here is that flowing in the moving 
coil, and as this is made proportional to either the current or 
the voltage in the main circuit, so will the instrument become 
an ammeter or a voltmeter. The force, since it acts on a 
wire capable of rotating about a point becomes a torque, and 
is balanced by the torque exerted by the control spring. If 
the torque exerted by the spring is proportional to the angle 
turned through, that is D, then the scale will be evenly divided 
and D oc C. In cases where the current to be measured 
cannot be wholly passed through the instrument, a part of it 
has to be shunted, and in order that the part flowing through 
the shunt may be proportional to the main current, the resis- 
tance of this part must be constant at all ordinary working 
temperatures. This may be obtained by inserting in the main 
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circuit a shunt, see page 25. To the extremities of this 
section the terminals of the instrument are connected, see 
Fig. 37. In order to secure that the current in the moving 
coil may be proportional to the voltage in the main circuit, a 
large non-inductive resistance E R must be inserted in series 
with the instrument, across the mains, see Fig. 38. 



Load 



Load 



T QT 



Swamp. 




:BJiz 



T QT 



Fig. 37. 



MoYtna 
coil ^ 

Fig. 38. 



Errors, — Theoretically we have shown that the readings 
of the instrument are directly proportional to the current, but 
in practice it is found that certain defects in materials and 
workmanship are liable to bring in a number of small errors 
which have to be guarded against or allowed for. They are : — 

1. Deterioration of spring. 

2. Deterioration of magnet. 

3. Temperature errors. 

4. Stray magnetic fields. 

5. Thermo currents at shunt terminals. 

6. Alteration in resistance of connecting leads. 

I, 2. By very careful manufacture and selection, Nos. i 
and 2 may be almost entirely avoided. 

3. Temperature errors cannot be disposed of in the same 
way as numbers i and 2 because of the nature of the material 
used. It is found in the case of an ammeter that the ratio of 
the resistance of the copper winding on the moving coil to the 
total resistance of the instrument is nearly always large, so 
that variations in the resistance due to temperature changes 
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are great. But this may be almost completely eliminated, by 
putting in series with the moving coil, a resistance about four 
times as large as that of the moving coil, and whose tempera- 
ture coefficient is practically zero. This additional, resistance 
is what is known as the *' swamp," Fig. 37. This error 
amounts to about 0*4 per cent, for each i'"' C. rise in tempera- 
ture when no swamp is used, but with a swamp the error is 
reduced to O'Oi per cent, per 1° C. rise. 

4 The error arising from stray magnetic fields, usually 
reckoned to amount to about 2 per cent, of maximum scale 
reading, may be avoided by efficiently shielding the move- 
ment. It is, however, generally found in practice that the 
ordinary cast-iron pot of a switchboard instrument is of itself 
sufficient to accomplish this. 

5. If the shunt terminal blocks are of unequal surface, 
there will be, when a current is flowing through the shunt, a 
diffisrence of temperature between the blocks due to one block 
radiating heat faster than the other. The E.M.F. set up in 
the shunt from this unequal heating is sufficient to cause an 
appreciable error which may sometimes rise to 2 per cent, 
maximum scale reading. The remedy for this is self-evident. 

6. An error would arise if in connecting the instrument to 
the shunt, wires of greater or less resistance were employed 
than those used when the instrument was calibrated. This 
error is avoided by using standard leads. 

These errors being thus, as far as possible, carefully elimin- 
ated, the instrument may now be relied on to read correctly 
to within I per cent, of the maximum scale reading. 

The utility of the instrument is further enhanced in that it 
possesses certain advantageous features which may be stated 
as follows : — 

1. That as the torque is always proportional to the angle 
turned through, the scale can be evenly divided and therefore 
very easily read. This is very well shown by Fig. 39, which is 
a " set up '* voltmeter scale. 

2. That the instrument is remarkably dead-beat, . owing 
to the induction of eddy currents in the metal frame of the 
moving coil. 
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3. That, because of the great inten- 
sity of the field used, the current re- 
quired to work the instrument is small, 
and consequently the power-consump- 
tion is low. 

4. This great strength of field 
allows for increased control without 
seriously affecting the great sensibility 
of the instrument, thus increasing its 
commercial utility. 

5. Further, by reason of this in- 
creased control, less care need be taken 
in fixing the instrument perpendicu- 
larly. 

6. And for the same reason its 
accuracy is not diminished when used 
in a portable form, if the instrument 
is properly shielded. 

7. Since in this instrument the 
reversal of the current will give equal 
readings on either side of the **at 
rest " position, it may be calibrated 
as a central zero instrument. This 
renders it of value in the charging 
of accumulators. 



C5- 



c. Leakage Indicators. 

If a cable is in a damp situation 
a considerable amount of leakage is 
almost certain to occur, and what 
is still worse small faults which, if 
neglected, will eventually develop into 
earth connections or shorts are sure to 
be augmented under such conditions. 

Leakage from a cable may occur 
in two ways. 



Digitized by VjOOQIC 



46 Switchboard Measuring Instruments. 

1. Along its outside surface from bare connections, etc. 

2. Through its insulating cover. 

The amounts of these leakages are by no means equal. 
No. I will be greatest when the cable is short and in a damp 
place, and No. 2 when the cable is long. 

As the result of the appointment of a committee by the 
Government in 1902, it is now ordered by the Home Office that 
the leakage current from any installation, so far as practicable 
shall not exceed O'ooi of the maximum supply current, and 
that daily records of the same must be kept 

The instruments, which have been devised to supply the 
demand created by this order, are usually milli-ammeters 
specially connected to the circuit. 

Construction, — This is practically identical with that of a 
central zero voltmeter of this system described on page 38. 
The only difference which is likely to occur is that the winding 
of the moving coil may not be the same. As will be seen from 
the theory following, the best resistance for the instrument is 
that G should be equal to the combined fault resistance. This 
of course cannot always be the case, but for any instrument an 
approximation can be aimed at, and it is in order that this 
should be so that the winding may be altered. The connec- 
tions do not differ greatly from those of a voltmeter. Across 
the mains, see Fig. 40, is connected a high resistance R (from 
100 to 200 ohms per volt) of 50,000 to 100,000 ohms. The 
middle point B of this resistance together with the two ends A 
and C are separately connected to three studs of a switch. The 
common point P of the switch is connected to one terminal of 
the instrument, the other being connected through another 
resistance not nearly so large as R, to a good earth. 

There is usually some device added to protect the instru- 
ment should a serious fault develop. This generally takes 
the form of a shunt circuit, or a fuse which blows when a 
certain current flows through the instrument, and thus cuts it 
out of circuit. 

When a reading is not being taken the switch is left on the 
stud connected with B, so that the instrument will read the 
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algebraic sum of the leakage currents, the pointer inclining to 
the one side or the other, as the one main is more leaky than 
the other. In order to take a reading, however, the switch is 
passed to stop A to test the resistance of the negative main, 
and similarly to C in order to obtain the resistance of the posi- 
tive main. When the switch is on A or C, the resistance R is 
momentarily disconnected while the reading is being taken, in 
order that there may be no parallel path through the instru- 
ment for the leakage current from the main not under test. 




There is often used in conjunction with these instruments 
a bell, actuated by a relay inside the case, so that when a 
leakage current of a certain magnitude flows through the 
moving coil, the relay is closed and the bell rung, thus inform- 
ing the attendant that a short has developed on the mains. 

Theory, — The current flowing in a milli-ammeter is pro- 
portional to the voltage at its terminals, so that in the follow 
ing discussion the readings will be taken as in volts. 
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Let 

E = voltage of the mains, 

Vo = reading given by instrument when on stop C, 
Vi = reading given by instrument when on stop A, 
G = resistance of instrument in ohms. 

Now considering the point o in Fig. 40, when the switch is 
on stop A, it is seen that the current flowing to it 

"G "^Ro 

and the current flowing from it 

^E-Vi 
Ri 

Vx ^ Vi ^ E_- Vx 
G Ro Ri 



if 



then 



F Ri ^ Ro 



If switch is now put on stop C, then 
G Ri Ro 

subtracting (2) from (i) 



whence 

Vx - Vo 



(3) 
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From (2) R = — E 

and substituting the value of F as given by (3) in this equa- 
tion 

^ _ _ G {E - (V, - Vo)} 

and in a similar way from equation (i) 

R = G{E-(V»-Vo)} 

the leakage current 

E 
Ro + R. 

E Vi V, 



G{E- (Vi - Vo)}{V, - V,} 



(4) 



Any instrument in which the deflections are proportional 
to the current may be substituted for the one used here, in 
which case, however, if 

D = deflection proportional to E 
d^ = deflection proportional to Vi 
d^ = deflection proportional to Vq 



then 
and 



K « _ G { D - {d^ - ^0)} 

T. « G {D - {d^ - ^0)} 
^^ 1, 



From these formulae it is possible to calculate the leakage 
resistances of the mains. In order to avoid this calculation, 
however, a table is usually supplied with the instrument from 
which, having the readings of the instrument, the resistances 
may be obtained. 

E 



Digitized by VjOOQIC 



50 Switchboard Measuring Instruments, 

Errors, — These will be the same as for the voltmeter or 
ammeter of this type and need not be reconsidered here. 




Fig. 41. 

In Fig, 41 is shown a scale of one of these instruments 
which indicates the arrangement usually adopted. 
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CHAPTER IV. 
ELECTRO-DYNAMIC PRINCIPLE. 

Moving Coil System. 

This type of movement is used in nearly all the standard 
ammeters, such as Siemens's dynamometer, Kelvin's balances 
and Weber's dynamometer, but it is also largely used in 
practice, in such instruments as wattmeters, phasemeters and 
instruments intended for alternate current work generally. 

From the construction of this instrument it follows that the 
magnetic fields are much weaker than in the permanent magnet 
type, described on , page 38, the greater part of whose magnetic 
path is iron. Until quite recently it was thought that in alter- 
nate current instruments of this system no iron could be used 
because of the errors introduced by it. But Dr. Drysdale, 
Dr. Sumpner and others have shown that, by accurate design 
and careful construction, it is possible to employ iron in this 
type of instrument and still have accurate readings. In what 
follows, it has been found advisable to separate this system 
into two classes : (i) Air-core, (2) iron-core. 

a, b. Ammeter and Voltmeter. Air-Core. 

Construction, — The ordinary form of electromagnet em- 
ployed consists of two fixed current-coils, each wound as a 
narrow cylinder whose diameter is from five to eight times 
its width, having their long axes parallel, and their short axes 
in the same straight line, see Fig. 42. They are separated by 
a slab of ebonite or fibre, which has the central portion removed 
so as to leave the air-core of the coils continuous. Sometimes 
the separator is dispensed with, leaving an air space the axial 

E 2 
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dimensions of which are small compared with the diameter of 
the coil. For ammeters these coils are wound with a wire 
whose'section is sufficient to carry the current to be measured, 
but for voltmeters a wire of much smaller 
H section is required, usually a No. 36-40 

\ S.W.G. The number of turns of wire 

\ required varying as the strength of field 

which the maker purposes to use in the 
\ instrument. These coils may be con- 

nected either in series or in parallel, but 
so that the current flows in the same 
direction in both. In the case of am- 
meters, Fig. 43, this combination is put 
in one of the mains, but in that of volt- 
meters, Fig. 44, it is put across the 
mains. 

The moving coil, which must be of 

^^* ^' circular shape, cannot be wound on a 

metal frame because of the effect of the 

eddy currents in it on the strength of the field, but it may be 

wound on one of wood or ebonite though it is more frequently 

found without a frame, the wires being retained in their position 



Fig. 43. Fig. 44. 

by an external binding of tape. The external diameter of this 
coil is governed by the internal diameter of the fixed coils,' the 
clearance being reduced to a minimum. This coil is pivoted 
and connected on similar lines to those used in type A, 
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page 40. The size of Wire used is similar to that of 
type A ammeters. 

Since it is inadmissible to use a metal frame, some form of 
damping must be provided, in this case. No. i or 2^, page 24. 
The opening, pointer, balance weights and pot are also as 
type A, but the scale is fixed on wood in preference to metal, 
to avoid the possible effects of eddy currents. 

Theory, — As shown on page 42,/ = C H /, where 

/ = force in dynes. 

C = current flowing in moving coil in absolute units. 
H = intensity of field in lines per sq. cm. 
/ = length of wire in cm. 

As before / is constant, but now H is proportional to C and 
must be in phase with it. 

The indications of the instrument will therefore always be 
positive. 

Now since this force acts on a wire capable of rotation, it 
may be considered as a torque, but this torque is resisted by 
that of a spring, the torque of which is proportional to the 
angle turned through. 

i.e. torque oc D, where D = deflection, 

and .-. DocC^ 

i.e. C = K ^D where K = constant of the instrument. 

Errors. — Trouble may be experienced from one or more 
of the following causes of error : — 

1. Deterioration of spring. 

2. Self-induction in the moving coil. 

3. Temperature changes. 

4. Stray magnetic fields. 

5. Varying frequency. 

6. Eddy currents. 
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I and 3. The errors arising from these sources are the 
same as those which occur in type A, page 43, and may be 
corrected in a manner similar to that already described there. 

2. Self-induction in the moving coil circuit causes the 
current flowing in it to be slightly less than it ought to be, 
due to the choking effect. It also introduces into this circuit 
a lag which further reduces the effective torque. In order to 
remove, as far as possible, the error due to self-induction, the 
time-constant (i.e. ratio of self-induction to resistance) must 
be made as small as possible. This may be done by increas- 
ing the resistance of the moving coil, or preferably, by putting 
in series with it a resistance many times greater than its own, 
which has already been done, when putting in the external 
resistance in the case of voltmeters, and when putting in the 
swamp in the case of ammeters, if these are non-inductive as 
they should be. 

4. Since the intensity of field usually employed in these 
instruments is about 50 lines per sq. cm., it can be seen that 
efficient shielding is absolutely necessary in order to get 
accurate readings. If the instrument is not situated on a 
switchboard in the presence of strong fields such as are 
generally met with there, it will be found that the iron pot is 
sufficient protection. But in most other cases it is better to 
have a double screen of iron enclosing the movement. 

5. Since the self-induction of the moving coil is generally 
different from that of the fixed coil, variations in frequency 
will produce a small error which will diminish as the self- 
inductions are made negligible. For most practical purposes 
this error may be entirely disregarded. 

6. Errors due to the presence of eddy currents may be 
reduced by removing, as far as possible, from the moving coil 
such masses of metal as may affect it. For this reason some 
makers prefer using non-metallic cases instead of the iron pot 
mentioned above, but if the iron case is well designed, so that 
no part of it is very near the moving coil, it will be found that 
little error is caused by eddy currents in it, see Fig. 10. 

It may be mentioned in connection with this, that errors 
may often be found in heavy current instruments of this 
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system, due to eddy currents being set up in the conductor, 
caused by the unequal distribution of current in it. When 
trouble of this kind is experienced, it is better to use coils 
capable of carrying a current of from 5-10 amps', and a step- 
down current transformer. 

Advantages, — This class of instrument occupies the same 
place in relation to alternating currents that type A holds 
with respect to continuous currents and possesses 
the following among other advantages, viz. : that 
although designed as an alternating current in- 
strument, it will work with equal precision on 
continuous current circuits. 

Disadvantages. — Against its good points must 
be put the following two drawbacks : — 

I. Since the instrument follows a square law, 
the scale is unequally divided and consequently 
more difficult to read. 

There is a very neat device employed by the 
Keystone Electrical Instrument Co., of Philadel- 
phia, for improving the scales of instruments 
belonging to this system. It consists of a spring 
made as shown in Fig. 45, the action of which is Fig. 45. 
such that it assists the ordinary spiral spring over 
the lower part of the scale, and resists it when the needle is 
moving over the upper part. It is easily seen that for small 
values of the current the controlling force will also be small^ 




(^f^«fW>X/q>v\»/ &9jij^);j\Ni«/>^ d/W2XMwvy>$kr^ J 
F'IG. 46. 



whilst as the deflecting force increases so will this additional 
spring automatically increase the controlling force, with a 
result that the spacing of the scale will be much more 
nearly uniform than in instruments without this device. The 
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result obtained by the use of this patent is shown in a much 
better way by a comparison of the scales obtained with and 
without it. Fig. 46 is the scale of an instrument controlled 
by two spiral springs, and Fig. 47 the scale obtained, when 
this device was employed in conjunction with these springs. 

M^TTTtrA 

Fig. 47. 

2. Its great weakness of field which renders it liable to 
external influences and reduces its sensibility. 



Uy b. Ammeter and Voltmeter. Iron-Core. 

Construction. — The iron-core instruments introduced by 
Dr. Sumpner differ from those just described in that the main 
coils are wound on an iron-core, and are provided with a 
nearly complete iron yoke, in which a small gap is left for the 
moving coil to swing in. The gap is so placed that the yoke 
may also be used as the iron-core for the moving coil. On 
account of this improvement, a slight modification has to be 
made in the connections of the voltmeter, the moving coil 
being connected across the mains through a condenser in 
order to bring the flux due to the moving coil current into 
phase with the flux due to the main coil current. 

Theory. — This is the same as that given for the air-core 
instrument, page 53, with the exception that additional errors 
due to the presence of iron are introduced. They are caused 

by- 

7. Varying permeability and with it varying leakage 

coefficient. 

8. Hysteresis. 

9. Resistance of magnetising coil. 
10. Eddy currents in the iron. 
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The errors already mentioned under air-core instruments 
still occur and are compensated for as above, page 53. 

7. The direct error due to variation of the permeability 
of the iron is largely counterbalanced by the presence of an 
air gsp. The ratio of the reluctance of the air gap to the 
reluctance of the iron path is great, hence, any alteration of 
the latter due to a change in the permeability will mean only 
a small change in the total reluctance, consequently the 
magnetic flux would remain practically constant. But a 
more serious error is introduced due to an indirect effect of 
this varying permeability, viz. alteration in leakage coefficient. 
Though as far as an ammeter or voltmeter is concerned this 
error (No. 7) is of no importance, since for the different 
currents and voltages measured, the moving coil must be in a 
different part of the gap, yet in the case of wattmeters it 
requires very careful attention. The only effect produced in 
ammeters and voltmeters is a slight alteration in the calibra- 
tion of the instrument. 

8. The iron used in these instruments will produce a 
hysteresis error which has the effect of throwing the flux out 
of phase with the current producing it. This error may be 
reduced by using very good iron, and by diminishing the 
ratio of the reluctance of the iron path to the reluctance of 
the air path where permissible. But it is found that for 
ammeters this error cancels out in a most remarkable manner. 
In the case of the voltmeter it is also negligible since the flux 
is proportional to the voltage, the magnetising current having 
to adjust itself to the flux produced by this voltage. 

9. The magnetising coil must be so designed as to reduce 
the copper drop to a minimum, otherwise a phase error comes 
in. In order to make this voltage drop small compared with 
the voltage of the mains, the inductance of the magnetising 
coil should be proportionately increased. 

10. If the iron is carefully laminated, the error due to this 
cause may be made inappreciable. 

Advantage, — The design of this instrument is intended to 
remove the chief defect of the air-core class, viz. its great 
weakness of field, and this it effectually does. 
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Disadvantage, — These instruments possess the disad- 
vantage (if it may be so called) that the voltmeter cannot be 
used on continuous current circuits, but the ammeter might 
be, although in this case it could not be considered as an 
accurate instrument, owing to hysteresis. 

c. Wattmeters. Air-Core. 

Construction. — This instrument is built on similar lines to 
the ammeter or voltmeter of this type, but is differently con- 
nected to the circuit. The fixed coils are joined in series or 
in parallel, and carry the main current as before, but the mov- 
ing coil is put in series with a large non-inductive resistance 
and connected across the mains, so that the current flowing 
in it is proportional to the voltage, see Fig. 48. 




^t,'//,7' 






^ 



M.C\ 



Fig. 48. 






FiG. 49. 



In order to measure the power in a two-phase supply 
however, two wattmeter readings are necessary. The watt- 
meter is connected across one phase first, then across the other, 
the sum of the readings giving the total power. 

For a three-phase balanced load system it is sufficient to 
connect the current coil in one main and the moving coil 
between the neutral point and the main in which the current 
coil is fixed, see Fig. 49. If the moving coil is connected as 
there shown, the instrument reading will include the watts con- 
sumed in the current coil. If, on the other hand, the moving 
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coil be connected on the other side of the current coil, then the 
reading will include the watts used in the moving coil circuit. 
Of the two, there is not much to choose between them, some 
prefer the one, some the other. 

If the neutral point is inaccessible, then the moving coil 
must be inserted in one arm of a star resistance connected 
across the mains, see Fig. 50. 

The three arms of the star must be of the same resistance, 
othei*wise the proportion of volts in each arm will not be 
correct. 





Fig. 50. 



Fig. 51. 



The currents flowing in the three phases may be represented 
by the vectors Ci, c^, ^3, in Fig. 51, the projection of which on 
any axis will give the instantaneous value of the currents. 
The voltage in each phase may also be represented by three 
vectors 2/1, ^2, ^3- The current lags behind the voltage by an 
angle ^. From the connections already given, Figs. 49 and 
50, it follows that the current in the current coil will be repre- 
sented by ^3, and the voltage in the moving coil by z/3, conse- 
quently the power measured by the instrument will equal v^ 
Cq cos <f>. It is easily seen that this is one-third of the total 
power in the circuit, and as a result, the wattmeter reading 
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has to be multiplied by three, in order to get the total power 
in the circuit. 

When the load is unbalanced, two wattmeters are necessary. 
These are connected, as shown in Fig. 52. Sometimes these 
two wattmeters are combined into one case, the moving coils 
being fixed to the same spindle. The points A and B in the 
figure may then be joined together, only three connections to 
the mains being necessary. As in the previous case, ^1, ^2, ^3, 
and ^1, Vi, 1/3, in Fig. 53, represent the currents and voltages 
in each phase. The vector difference of v^ and v^ will give 




Fig. 52, 



the voltage Vj across the mains i and 3 and similarly Vi and 
V3 represent the voltages across mains 2 and 3, and i and 2 
respectively. 

Now the currents flowing in the mains at any instant have 
the following relation. 

^1 + ^2 + ^3 = o • • • (i) 

and the total power 

W = 2/1 ^1 cos <l> + V2C2 cos ^ + ^^3^3 cos <l> 

From (i) 

^1 = - (^2 + ^3) 

W = {V2C2 + v^Cq — vi {C2 + ^3)} cos (f> 
= {C2 {V2 - v^ + c^ (z/3 - v^\ cos </) 
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but 

^2 - ^1 = V3 
and 

^3 - ^1 = — V2 
W = {V3 ^2 - V2 ^3} cos ^ 

Now it is seen from Fig. 52 that wattmeter No. i will read 
V3 ^2 cos ^, and wattmeter No. 2, V2 ^3 cos ^, so the difference 
of the two wattmeter readings in the one case, or, if the instru- 
ment is a combined one, the reading on the scale in the other^ 
will give the total power. 

When two wattmeters are separately connected as men- 
tioned on page 60, it is sometimes found that one wattmeter 
reads negative. This occurs when the power factor of the 
mains to which the wattmeters are connected is below 0*5. In 
^^%' S3» if ^1 2ii^d Cy coincide, that is, if the power factor be unity 
then between the current in one main and the voltage between 
the mains, there is a lag or lead of 30°, as the case ^nay be. 
If the angle of phase difference in the main circuit is 60° or 
more, it is easily seen that the reading must be negative. 

Theory. — As shown on page 42, force oc C H, but the cur- 
rent flowing in the moving coil is proportional to the voltage 
Vi of the main circuit, and H is proportional to Ci, the current 
flowing in the main circuit. 

force oc Vi Ci 

As before, this force may be looked upon as a torque 
balanced by the control spring, the torque of which is propor- 
tional to D — 

i.e. torque ot D 

Doc Vi Ci 

that is, the instrument reads direct in watts, but this is only 
true when the current is in phase with the voltage. If the 
current lags or leads with respect to the voltage, the current 
vector must be resolved into its two components, one in phase 
with Vi represented by O L, the other 90° behind this repre- 
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sented by O W in Fig. 54. But the product O Vi, O L = 
O Vi OCi cos ^, where ^ is the angle between the current and 
voltage vectors, and by definition the angle of phase difference. 

This product represents the effective 
torque, therefore the torque = O Vi 
O Ci cos ^ = Vi Ci cos ^, hence 

D oc Vi Ci cos </) 

\ Errors, — The correct reading (T) 
of this instrument should be = Vi Ci 
cos ^, but if there is a phase error 
produced in the moving coil, then the 
instrument will give a reading (A) = 
Vi Ci cos (<^ — &) where G is the as- 
FiG. 54. sumed phase difference between the 

voltage and the moving coil current. 
Now the error expressed as a ratio of the true reading, is 




A-T 



e = 



__ Vi Ci cos (<^ — ^) — Vi Ci cos ^ 
Vi Ci cos ^ 

_ cos (^ — ^) — cos 
cos ^ 

= tan ^.e 

^here Q is small and is expressed in radians. For low power 
factors tan ^ will be large, consequently Q has to be kept very 
small, if the instrument is to be made accurate. For instance, 
if with a power factor of i '6 and a load of 100 volt amperes, 
we have a phase error ^ of 0"Oi radian we get a value of tan 
<f}.0 of say o* I per cent., but if we have a power factor of only 
o* I with the same phase error and same load, tan cfy.O becomes 
9*9 per cent. 
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Looking at this error from another point of view, it has 
already been shown that A 

= Vi Ci cos (^ - 6) 
= Vi Ci (cos (j> . cos 6 + sin <f> . sin 0) 
= Vi Ci cos <l> . cos ^ + Vi Ci sin ^ . sin ^ 
= Vi Ci cos ^ + Vi Ci sin ^ . when is very 
small. 

It is seen that the first term of this result is the true watts, 
consequently the second may be looked upon as the error in 
watts at that load, if ^ = O'Oi radian, then this cannot exceed 
I per cent, of the reading. 

The errors which this instrument suffers from are identical 
with those of the air-core ammeter or voltmeter, page 53. 
But if the accuracy is to be kept within i per cent, then very 
careful attention must be given in order to reduce the errors 
to negligible quantities. 

It might be expected that an error 
would be introduced by mutual induction 
between the fixed and movable coils. 
Provided the self-induction is absent or 
very small, it can be shown that the 
error introduced from this source will 
be negligible. The E.M.F. induced in 
the moving coil by the main coil flux 
will lag 90° in phase behind it, and con- 
sequently, if the induced current is in 

phase with the E.M.F., the torque exerted between this flux 
and current will be nil. 

This can be shown very simply by means of a vector 
diagram, see Fig. 55. If O C represents the flux vector due 
to the main coil current, then O E will represent the induced 
E.M.F. in the moving coil, and if O V represents the terminal 
voltage leading by an angle ^, the resultant voltage in the 
moving coil will be O Vi leading by angle ^1. Now the true 
power is the product of the current and the component of the 
voltage in phase with it, and it is easily seen that the compo- 
nents of O V and O Vi in phase with O C are the same, 
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consequently the power given by the instrument will be 
independent of mutual induction, if no self-induction is pre- 
sent. In Fig. 56 has been plotted the coefficients of mutual 
induction found to exist between the fixed coil which lay 
along the line o°-i8o° and the moving coil when it lay along 
the lines o°-3o°, o°-6o° etc. respectively. 

There is, in addition to those already enumerated, another 
source of error, unimportant in the earlier instruments, but 
which cannot be neglected here, it is that due to 
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7. Capacity in the moving coil circuit. — ^When two con- 
ductors situated near together, but separated by a good in- 
sulator, are carrying an alternating current, displacement 
currents are set up across this insulator. These currents have 
a similar effect to that obtained when a condenser is shunted 
across the terminals of the moving coil circuit, and cause the 
reading to be greater on a leading load and less on a lagging 
load than the true value obtained on a non-inductive load. 
The error produced by capacity, which is principally seated 
in the non-inductive resistance, may be reduced by dividing 
the winding into sections, the capacity being proportional to 
the inverse square of the number of sections. 
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Instruments of this type may be used for currents up to 
about 200 amps., above this value the current in the fixed coil 
must be taken as a shunt from the main circuit, or from a 
series transformer, since at this amperage the effect of eddy 
<:urrents in the conductors forming the fixed coil begins to 
become serious. 

The advantages and disadvantages are the same as for the 
ammeters and voltmeters of this type* 



c. Wattmeters. Iron-Core. 

Construction. — This instrument is similar in construction 
to the iron-cored voltmeter or ammeter, see page 56. The 
magnetising coil may be connected (i) in series with one of 
the mains, in which case the moving coil has to be connected 
across the mains through a high resistance. But it has been 
found that with these connections the errors introduced by 
the iron-core are so large that in endeavouring to overcome 
them the advantages gained by using iron are greatly reduced. 
{2) It may also be connected as a shunt to the main circuit, 
then the moving coil must have a current flowing in it which is 
proportional to the main current, but in quadrature with it, 
see Voltmeter, page 56. The current in the moving coil is 
usually supplied from the secondary of a small air-core trans- 
former connected in series with a high non-inductive resist- 
ance. The primary of the transformer is placed in one of 
the mains. 

Theory, — The theory is the same as for the air-core 
instrument already described, and the error is as before e = 
tan (f> . 6. The errors which are to be found in this instrument 
are similar to those mentioned in connection with iron-cored 
ammeters and voltmeters. As explained in the air-core watt- 
meter, the errors must be kept exceedingly small, if the instru- 
ment is to be accurate. The care which was used in that case 
in eliminating them must be quite as rigidly applied in this 
case, if anything approaching i per cent, accuracy is hoped 
for. 

F 
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d, Phasemeter. Air-Core. 

In an alternating current system where the current pro- 
vided by the generator is not in phase with the voltage, there 
is an imaginary component of this current which does no 
work. This component, known as the " wattless current " is 
in quadrature with the voltage, and increases inversely as the 
power factor. It is considered by some that it is more 
important to know the wattless component of the current than 



Fig. 57. 

the power factor, since the greater this current becomes the 
larger will be the armature reaction, and consequently the 
worse will be the regulation of the alternator. On the other 
hand, it is contended that it is of greater utility to know the 
power factor, as this affords the means of estimating the 
effective work being done in the system. 

Let us consider first the instruments used to measure the 
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power factor, leaving those for measuring the wattless com- 
ponent to be dealt with later. 

This type of instrument, an external view of which is 
shown in Fig. 57, may be made up of a combination of from 
three to six coils, depending upon what system it is to be 
used upon. 

Construction. — One coil is fixed and is similar in windings 
size, shape, and method of fixing, to that described under 
type Bi ammeters, page 51. This coil is usually divided into 



Fig. 58. 

two halves placed in series, and separated by a sufficient dis- 
tance to allow the movement to be placed between them. 
A fair idea of the internal construction of this instrument is 
given by Fig. 58, which shows construction adopted by 
Messrs. Everett, Edgcumbe and Co. 

The moving coils must of course be wound on non-metallic 
frames of a circular shape, and usually consist of a number of 
turns of fine wire similar in size to that used for type A am- 

F 2 
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meters, page 52. These coils are fixed to the same spindle at 
an angle to one another, the magnitude of the angle which 
gives the best scale requires to be found by experiment. This 
spindle is pivoted in a similar fashion to that used for type 
A ammeters or voltmeters. No control spring is needed in 
any of the instruments described below. The reason for this 
will be evident from the theory. Since it is desired to measure 
a 90° lag or lead, it is necessary to have a scale opening of at 
least 200°. The construction of scale is similar to that used 
for type Bi ammeters. 




Fig. 5^. 

In Fig. 59 is shown the scale of a single-phase instrument 
and in Fig. 60 that of a three-phase one. In both cases it is 
seen that the scale closes up very rapidly from i to o, and 
that in the three-phase instrument the divisions are shortest 
about a P.F. o, whereas in the single-phase instrument they 
are shortest about a P.F. c 5. 

Phasemeters have been constructed to take a current of 100 
amps, at 500 volts directly through the field-coils, but it is now 
a common practice to use transformers in order to step the 
current down to from 5-10 amps. For voltages above 500, it 
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is found advisable to use potential transformers, otherwise great 
difficulty is experienced in properly insulating the coils. 

Connections^ Single-Phase. — ^The moving coils, when the in- 
strument is intended for a single-phase system; are connected 
up as follows : Two of the four ends of the moving coils, one of 
each, are joined together and the common junction J, Fig. 61, 
connected to the metal spindle from which is taken a thin flex- 
ible copper loop fixed to an insulated stud. The other two 
ends are brought from the moving coils to two insulated col- 




FiG. 60. 

lets fixed to the spindle, where they are attached to two in- 
sulated studs by flexible loops as before. The three insulated 
studs are now connected to three terminals of the instrument, 
one of which, viz. the one to which the common junction of 
the moving coils is attached, is connected to one main of the 
system. The other two terminals are brought to two termi- 
nals of a resistance box, containing two branches, one of which 
consists of a high non-inductive resistance R, the other of a 
high inductive resistance I, the two ends of these resistances 
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are joined together, and the common junction Ji, brought to a 
third terminal of the resistance box ; this third terminal is 
connected to the other main. 

Two-Phase, — When the instrument is designed for a two- 
phase circuit, the connections are made as follows. The coils 
are kept separate, the four ends being brought to four insu- 
lating collets fixed to the spindle, and there attached to four 
flexible loops, the other ends of which are fixed to insulating 
studs. These studs are then connected to four terminals of 
the instrument and thence through high non-inductive resist- 
ances to the mains, so that the moving coils are respectively 




Fig. 6i. 



Fig. 62. 



put across each phase. These resistances may be placed, half 
in the outgoing, and half in the return path of each moving 
coil, but more often they are put in the one side or the other. 

The angles between the moving coils used for the instru- 
ments just described are approximately 90° . 

Three-Phase. — For three-phase circuits there is a slight 
modification made in the above construction, instead of using 
two moving coils, three are now employed, two fixed coils 
still being used. These moving coils are symmetrically 
placed, at angles of 120° to each other, about the spindle, and 
are usually wound on a sphere of non-metallic material, such 
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as fibre, wood, etc., in which narrow slots are cut to hold the 
wire in position, the size of wire used being the same as before. 
One end of each of these coils is connected together, A, 
Fig. 62, the other three ends being connected to the termi- 
nals of the instrument by flexible loops as described above. 
These three terminals are then connected through high non- 
inductive resistances, Ri, Rg, R3, to the three mains, thus 
putting the coils across the phases. 

These instruments can only be used when the load on each 
phase of the system is the same, that is when the load is a 
balanced load. In cases where the load is unbalanced it is 
necessary to have a current or fixed coil in each phase as well 
as a moving coil across each phase. 





Fig. (iz. 



Fig. 64. 



In two-phase unbalanced circuits, instead of having the 
two halves of the fixed coil both placed in the one phase, 
they are now put one in each phase, and placed at right 
angles to one another while the moving coils, constructed as 
before, are placed across each phase, see Fig. 63. 

For a three-phase system, however, three fixed coils are 
necessary. They are symmetrically placed to one another, 
see Fig. 64, with an angle of 60° between their vertical planes, 
but an angle of 1 20° between their magnetic axes, and are 
fixed, so that the space between them is as small as possible. 
The moving coils are pivoted in the centre of this space, and 
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are constructed exactly as described for the balanced load 
instrument. 



Fig. 65. 



Fig. 66. 



There is a slight modification of this construction em> 
ployed in the Westinghouse power factor meter, an internal 
view of which is shown in Fig. 65. In this instrument both 
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the coils are fixed. The movement consists of a light iron 
vane situated in such a position as to be affected to about the 
same degree by both coils. It can easily be seen from the 
theory that this vane will be subjected to the same forces as 
the moving coil in the construction just considered. An 
external view of a portable instrument of this class is shown 
in Fig. ^6. This instrument is for use on a three-phase system, 
and shows that the scale given by this modification does not 
differ greatly from that obtained by the normal construction^ 
as shown in Fig. 60. 

Theory, — If two equal alternating fields of the same 
frequency be produced by two alternating currents, passing 
through two coils placed at an angle to one another, a rotating 
magnetic field of the same frequency as its components will be 
produced, provided that the phase difference between the two 
currents is equal to the supplement of the angle between 
the coils carrying the currents. This is true also for three 
alternating currents passing through three coils placed in 
accordance with the conditions. 

I. For Balanced-Load Instruments, — From the proposition 
just given it follows that the currents flowing in the moving 
coil will give rise to a rotating field of the same frequency as 
the currents themselves, whereas the field set up by the main 
coil will simply be an alternating field. In Fig. 6t^ if O M 
represents the maximum value ofthe alternating field given by 
O M sin / /, and O R the position of the rotating field (whose 
magnitude is a constant) at the instant of maximum main 
field, and if ^ be the angle between these vectors, then the force 
exerted between the fields will be proportional to O R . O M 
sin / / . cos ^, and since the rotating field is produced by a 
movable system, the main field system being fixed, it follows 
that this force will tend to pull O R so as to coincide with O M. 
In Fig. 6t, the small arrows indicate the directions in which 
the force pulls in the different quadrants, and it can be readily 
seen that Fa, F4, Fg, Fg, balance one another, the remaining 
forces Fi, F3, Fg, F^, all pulling OR into line with OM. 
Suppose that O R is pulled so as to coincide with O M when at 
a maximum, then Fi, F3, F5, F^, vanish, and the balance between 
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the others remains undisturbed. If / is the frequency of the 
circuit, then these pulls will vary four times as fast as /, and 
consequently the resulting motion of the moving system will be 
nil, owing to the large moment of inertia of the moving coils. 
Now since the current in the main coil is, or is proportional to, 
the main current, and the currents in the moving coils are 
made proportional to the voltage, any lag or lead in the main 
current will cause the maximum value of the main field to 
occur after or before the axis of the rotating field coincides 
with the axis of the main field. When this occurs, a pull 
tending to make the axes coincide is created, and consequently 



the moving system moves through the angle ^ between the 
axes, that is the angle of lag or lead. If, therefore, a pointer 
is attached to the moving system, it will directly indicate this 
angle, and thus become a phasemeter. 

2. For Unbalanced-Load Instruments. — When these instru- 
ments are designed for unbalanced loads according to the 
principle enunciated above, there are produced two rotating 
fields, one by the fixed coils, the other by the moving system. 
If the axes of these two rotating fields are coincident, no torque 
will be exerted on the moving system, as the fields are both 
r otating at the same rate. But if one field shifts its axis with 
respect to the other by an angle ^, then the moving system 
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will experience a torque, and will rotate till the axes of the two 
fields are again coincident, that is, the pointer attached to the 
moving system will move through an angle equal to <^. Now, 
if the current lags or leads with respect to the voltage by an 
angle <^, the fields due to the currents, one set of which is 
proportional to the main currents, that is, those in fixed coils ; 
the other to the main voltage, that is, currents in moving coils, 
will also lag or lead by an angle equal to ^. The pointer will 
thus directly indicate the angle of phase difference. 

Instruments on this principle may be calibrated to read 
directly in degrees, but are more frequently calibrated so as to 
give the power factor of the circuit. This power factor is the 
average power factor of the system, but the power factor of any 
one phase is easily obtained by short circuiting the current 
coils placed in the other phases. 

It is easily seen from the theory that these phasemeters 
can indicate either lag or lead. 

Let Fig. 6j represent the condition of a circuit possessing a 
lag, that is, a circuit in which the minimum value of the current 
occurs at a later time than that of the voltage. If, however, 
there were a lead between current and voltage, then at the 
instant considered, the vector O R would be on the opposite 
side of O M by an angle </>, say, or in other words, the forces 
Fi, F3, F5, Fy, would be reversed in direction, and consequently, 
also the motion of the coil. By a similar line of argument, it 
can be shown that the unbalanced load instrument also 
indicates lag or lead. 

Errors in Balanced- Load Instruments, — i. These instru- 
ments, as in the case of all air-core instruments, are greatly 
affected by stray fields, consequently they must be properly 
shielded. 

2. The generation of eddy currents in metal parts should 
be avoided, as described in air-core ammeters and voltmeters, 
as a serious error may be introduced from this source. 

3. As seen from the theory, the indications of the instru- 
ment depend on the maximum value of the current, it will 
therefore be inaccurate if used on a circuit whose wave form 
differs from that on which it was calibrated. 
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4. An alteration in the frequency will produce a slight error, 
since it does not affect the fixed and moving systems to the 
same extent, but for practical purposes this error is so small 
that it may be neglected. 

These instruments are independent of current or voltage 
since any alteration in either will produce a corresponding 
effect in both sets of coils. 

Errors in Unbalanced-Load Instruments. — These instru- 
ments suffer from the same errors as the balanced-load instru- 
ments except that 3 is entirely absent, and 4 somewhat smaller. 
Further, the accuracy is equally independent of variations in 
current and voltage. 

d. Phasemeter. Iron-Core. 

Construction, — The iron in this instrument usually takes a 
similar form to that of the carcase of an induction motor built 
on the following lines. Both the rotor and the stator are 
fixed, and are made up of thin laminated iron into two cylin- 
drical blocks. The stator only has slots which are given a 
spiral twist instead of being placed parallel to the main axis 
of the blocks. This twist is given to overcome the effect of 
the sudden change in flux-density between the slot and tooth 
on the coil, the amount of twist being such that the average 
flux-density acting on the moving coil is the same in any part 
of the gap. Three fixed coils are necessary, and are wound 
in the slots of the stator in such a manner that they produce 
a rotating field. The size of wire used is Nos. 15-17 S.W.G. 
capable of carrying 5-6 amperes. 

The moving coil is made of a rectangular shape and of 
such a size as to be able to rotate freely in the gap between 
the rotor and stator. The size of wire and number of turns 
being approximately the same as would be used in a type A 
voltmeter. The coil is pivoted between jewels, but does not 
require any form of control. 

This combination of coils most readily lends itself to the 
measurement of phase displacement on three-phase circuits, 
where the three fixed coils are put in the three mains and the 
moving coil put across any one phase. But by suitably wind- 
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ing the fixed coils, the instrument could be adapted to either 
single- or two-phase systems. 

Theory. — This is precisely the same as that already given 
on page 73 for balanced-load instruments, except that in this 
case the rotating field is produced by the fixed coils instead 
of by the moving coils, as in the previous case. 

Errors. — This instrument will sufifer from errors 2, 3, and 

4 of balanced-load instruments given on page 75, and is 

further subject to the slight errors, already discussed, which 

arise from the presence^of iron. But the most serious error for 

an instrument constructed as described above is that produced 

when it is used on an unbalanced load if calibrated on a 

balanced load. The readings on unbalanced loads will lie 

between cos (</>) ± ^ sin ^ where equals the greatest value of 

load current in one main j j^ • ^u t r 1 

— — - — ; — ^y-^i — and 6 is the angle of lag 

average load current m all the mams 

or lead. 

e. Idle Current Wattmeter. 

This instrument is used to indicate the imaginary compo- 
nent of a current, which is 90° out of phase with the voltage. 
The only difference between this wattmeter and the ordinary 
wattmeter described on page 58 (air) and 65 (iron) is in the 
connections. For the air-core instrument the moving coil cir- 
cuit which before was made very non-inductive is now made 
highly inductive, so that the current flowing in it lags nearly 
90° behind the impressed voltage. This is done by putting a 
choking coil in series with it, and connecting up as before. In 
the case of an instrument with an iron core, the construction 
of the parts is the same as for the shunt-coil wattmeter, but 
instead of connecting the moving coil across the mains through 
a condenser, it is connected to the terminals of a shunt. In 
series with a sufficiently high resistance to make it non-induc- 
tive. 

Theory. — Air-core instruments. In the moving coil, the 
current, represented by vector O Qmc, Fig. 68, which is made 
proportional to the voltage is also made to lag behind the main 
voltage O V by 90°. Now, if the main current O C is in phase 
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with the main voltage O V, then no torque is exerted on the 
moving coil. But, if the main current lag behind the voltage 
O V by an angle ^, then the component in phase with the 
voltage O Cmc equals C sin </>, and consequently the torque 
exerted on the coil will be V C sin <^, where V = O Cmc, C 
sin (f> is the wattless component of the current, and, therefore 
the instrument may be calibrated to read what is often called 
the wattless watts which is a '* non est " except in name. 

Iron-Core Instruments, — In this case the main flux O F, 
Fig' 69, produced by the fixed coil, is proportional to the 
main voltage OV, and lags 90° behind it. The current 
OQmc, passing through the moving coil, is proportional to 
and in phase with the main current, since it is taken from the 




Cncu 




Fig. 68. 



Fig. 69. 



terminals of a shunt in the main circuit, and flows through a 
non-inductive resistance. Now, as before, when the current 
is in phase with the voltage in the main circuit, no torque is 
exerted, but if the current lags by an angle 0, then OCmc 
will lag by angle <f>y and the component in phase with the 
flux O F will equal C sin <f>. 

The torque exerted on the moving coil is, therefore, pro- 
portional to V C sin (f> as before, since O F is proportional to 
V, the main voltage, and O Cmc to C, the main current. 

The readings of these instruments will be dependent on the 
frequency. The instruments to give accurate readings must^ 
therefore, be used on a constant frequency system. 

Since the construction of this instrument is the same as 
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an ordinary wattmeter, it may be calibrated to read the 
apparent watts as well as the so-called wattless watts, if a 
small switch be provided to change over the connections. 
It would then be possible to obtain the power factor of the 
circuit by dividing the wattless watts by the apparent watts, 
the result being tan <^. Whence from a book of tables cos ^ 
can be obtained. 

If the voltage of supply is constant, these instruments may 
be calibrated to read C sin <^, i.e. the wattless current. 

Errors. — The errors which these instruments are likely to 
suffer from are the same as those mentioned in the ordinary 
wattmeters described in the references given above. Self- 
induction will, of course, not produce an error in this case, as 
that is what is required, but the error due to frequency will 
now be large, since the current, flowing in the moving coil in 
the one and the fixed coil in the other, depends on the imped- 
ance, i.e. VR^ + 47r''^ /^ LI There may also be errors 
introduced by the shunt, if one be used, when precautions 
similar to those mentioned on page 44 must then be taken. 
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CHAPTER V. 
ELECTRO-DYNAMIC PRINCIPLE. 

Induction System. 

Shifting Field Class, — The instruments belonging to this 
system are frequently called induction instruments, since they 
depend for their actuating force on the mutual action between 
a field, produced by a current proportional to the property 
to be measured, and another field due to an induced current. 

There is more than one way of explaining the action of 
these instruments, but the method which has been used here 
IS perhaps the simplest and the one that is most easily applic- 
able to this class. The idea conveyed by the term " shifting 
field *' will be better understood by a perusal of the theory, 
so that no definition need be given at this point. There are 
many different devices used for producing this effect, but of 
those employed in indicating instruments, only two will be 
^iven. The description of several other such devices may be 
found in any modern book dealing with induction watt-hour 
meters. 

These instruments cannot, of course, be used on continuous 
-current circuits, as their action depends entirely on the pro- 
perty of induction possessed by an alternating current. 

a, b. Ammeters and Voltmeters. 

Construction, — The moving system of these instruments. 
Fig. 70, consists of a light aluminium or copper disc D, gener- 
ally of a circular shape, fixed to a spindle which carries the 
pointer and balance weights. This spindle is carefully pivoted 
between jewels in a manner similar to that described on 
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page 40. The instruments are spring controlled, one end of 
the spring being securely fixed to the spindle by means of a 
small collet, whilst the other is attached to the frame in which 
the spindle is pivoted. No connections to the moving disc 
are needed, so that it is not necessary to insulate the springs. 
The disc is so placed that its rim revolves in the centre of the 
gap of an electromagnet E M, which is made up of soft sheet- 
iron laminations in a rectangular shape. The section used is 
from 0*5 to I square inch. The pole faces of this magnet 
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Fig, 70. 

are partially shielded to the extent of about 80 per cent, of 
the whole, by screens S of copper or aluminium. The screens 
are usually a little thicker than the disc, and are bent up 
round the edges of the poles or allowed to project about 
0'I2S to 0*1875 inch, so as to prevent the field cutting the 
disc on any but the side not shielded. 

The winding used for the magnetising coil for ammeters 
has from 300 to 400 ampere turns. The size of wire used 
depends on the current to be carried by the coil, but for large 
currents it becomes necessary to employ current transformers. 

G 
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For voltmeters the size of wire is about Nos, 30-36 S.W.G., 
the number of ampere turns being approximately the same 
as for ammeters. If the instruments are to be used on high 
tension mains, a voltage transformer is employed, designed to 
give a secondary voltage of about lOO volts. As they stand, 
these instruments are fairly dead-beat, but as a rule, a further 
damping force is added, which takes the form of a small per- 
manent magnet acting on the disc. The small magnet should 
be efficiently shielded to protect it from demagnetisation due 
to the alternating field of the magnetising coil. 

Connections. — For ammeters the magnetising coil is con- 
nected to the two terminals of the instrument which are then 
put into one main, or which may be connected to the secondary 
of a current transformer. 





transformer 

/VWWVS 



Fig. 71. 



Fig. 72. 



In the case of the voltmeter, the coil is connected as be- 
fore to the terminals of the instrument which are put across 
the mains in series with a choking coil, for voltages between 
500 and 1000 volts, see Fig. 71, but when used on a high 
potential system, the terminals are connected to the secondary 
of a voltage transformer, see Fig. 72. 

TJteory, — The current in the magnetising coil causes a flux 
to pass across the gap which consequently must cut the shield 
and disc. The currents induced in these will, according to 
Lenz's law, oppose the action which produces them, that is, 
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they will produce fields which act in opposition to the main 
one. Further, since the induced electromotive forces are 
proportional to the rate of change of flux, then the induced 
fluxes will lag 90° behind the main one, if the disc and screen 
themselves introduce no lag. 

Now let us consider the changes in the fields for a com- 
plete cycle of the magnetising current. Suppose at any 
instant the main current is zero, and the induced flux is a 
maximum. If now the magnetising current increases so as 
to produce a N pole, then the polarity of the flux due to the 
current induced in the shield is S, and is decreasing in magni- 
tude. When the main flux reaches its maximum, then the 
induced flux is zero, and as the main flux decreases to zero, 
the induced flux will increase to its maximum, and be of the 
same polarity as the main, i.e. N. Next, the main flux 
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commences to increase, but is of opposite polarity S, at the 
same time, however, the induced flux decreases, but still 
remains of the same polarity as before, that is N. Now, when 
the main flux decreases, its polarity remaining S, the induced 
flux increases, its polarity also being S. These changes have 
been put into Table 6 given above, and show how the field 
shifts across the pole face from the unshaded to the shaded 
part. 

G 2 
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Since there are currents induced in the disc by the main 
field, there will be a force between them and this shifting field. 
This force, which will cause the disc to move in the same 
direction as the field, is proportioned to the product of the 
magnitude of the induced disc-currents and the magnitude of 
the shifting field, that is 

force oc Ci F 

but Ci is directly proportional to the rate of change of F, and 
inversely proportional to the resistance of the disc, that is 

Ci oc ly-T- R where /= frequency 

„ R = resistance of disc 
force oc Fy-T- R 

Now F is the flux produced by the magnetising current C, 
therefore force oc Cy^ R, and since the instruments are 
spring controlled, the pull of the spring being proportional to 
D, the deflection in degrees, it follows that 

D a cy-T-R 

If this current (C) is made proportional to either the cur- 
rent or voltage in the main circuit, then the instrument can be 
calibrated as an ammeter or voltmeter, as the case may be. 

This theory could have been obtained by the same reason- 
ing as will be employed in connection with the wattmeter of 
this class. But by presenting it in the simple manner given, 
it is thought that it will enable the more complex theory to be 
easily understood. 

Errors. — The main sources of error met with in these in- 
struments are due to : — 

1. Temperature changes. 

2. Variation in frequency. 

3. Eddy currents in the iron. 

4. Varying permeability of the iron. 

5. Hysteresis in the iron. 

6. Stray magnetic fields. 

I. If the temperature of the instrument changes, then the 
resistance R of the disc will alter, the result being that for the 
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same flux the magnitude of the induced current will be less 
or more as the case may be, and, consequently, the torque will 
be smaller or larger than it should be. There are several 
methods in which this difficulty may be overcome. 

(a) By shunting the magnetising coil with a non-inductive 
resistance wound with such a gauge of wire that its resistance 
increases at exactly the same rate as that of the disc. Since 
the resistance of this additional coil varies with change of 
temperature, the current carried by it will also vary, the result 
being that more or less current will flow through the main 
coil as the resistance of the shunt coil increases or decreases. 
More current in the main coil means a larger flux through the 
disc, and consequently an increased torque, in this way, the 
error due to change in temperature can be exactly compen- 
sated. 

(b) In the second method, a short-circuited coil is placed 
round one pole of the magnet. This coil will neutralise a 
certain amount of the main flux, depending on the magnitude 
of the current flowing in it, which in turn is governed by the 
resistance of the coil. With increased temperature, less cur- 
rent will flow in the short-circuited coil, and, therefore, less of 
the main field will be neutralised. This allows a larger flux 
to cut the disc, and in this way to compensate for the increased 
resistance of the disc. 

if) In series with the magnetising coil is placed a choking 
coil which has a gap in its magnetic circuit. In this gap is 
placed a small piece of iron supported by a composite strip^ 
which is made to bend by variations in temperature, thus 
drawing the iron in and out of the gap, and so varying the 
self-induction of the instrument. By suitably arranging the 
parts, any variation in the torque of the instrument will be 
balanced by a corresponding variation in its reactance. 

2. The eddy voltages induced in the disc depend on the 
number of lines cut per second, which is obviously proportional 
to the frequency (see Theory). It follows, therefore, if the 
instrument be practically non-inductive, that the reading would 
increase for every increase in frequency. On the other hand> 
if the instrument is highly inductive, the choking effect of the 
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coil will produce a greater change in the torque than will an 
increase in the eddy voltages with the result that the readings 
will fall. By suitably adjusting the resistance and reactance 
of the circuit, it is possible to compensate the instrument for 
a variation in frequency of from 10-20 per cent. 

This might be done when correcting for temperature 
changes ; only one coil need then be used. 

3. With regard to eddy currents, the effects of these may be 
made negligible by carefully laminating the iron. As a rule 
ordinary transformer laminations are used, the average thick- 
ness being 1 5 mils. 

4. This error is similar to that already spoken of under 
No. 7, page 56, but will be largely discounted by the presence 
of the air gap. In these instruments, the ratio of the length 
of the air gap to the length of the iron path is about ^, so 
that for practical purposes this error may be neglected. 

5. This error can never be really eliminated, but it may 
be greatly reduced by using an iron possessing a low value for 
its hysteresis loss. 

6. Stray alternating fields will produce eddy currents in 
the disc, and will thus cause an alteration in torque. This 
error may amount to 0*5 per cent, of maximum scale 
reading, unless the movements are efficiently shielded by iron 
cases. 

Errors Nos. 3 and 4 affect the magnitude of the working 
flux, and No. 5 produces a phase displacement between the 
flux and the current producing it. 

In ammeters and voltmeters these errors (i.e. Nos. 3, 4, 
and 5) cannot, strictly speaking, be called errors. Since, pro- 
vided they remain constant for any definite current, they will 
be the same under working conditions as when the instrument 
was calibrated, and may therefore be looked upon as simply 
altering the calibration. 

Under working conditions, it is found that there is practi- 
cally no error introduced by wave form. The curve given. 
Fig- 73> was derived by plotting the number of amperes ob- 
tained from a standard against those given by the instrument 
when the main current had different wave forms. Three wave 
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forms were used, first a sine wave, second a flat topped, and 

i-u- J 1 i. J T-i. ^ ^ maximum value , , 

third a peaky topped. The constant — tt—t- i — had 

'^^ effective value 

values for the three waves as follows : — 

(i) I '41; (2) 1*2; (3) 1-76. It was found that all the 
points lay on the straight line shown. 

Advantages, — i. This instrument is, if well compensated, 
one of the most accurate alternate current commercial instru- 
ments in use. As a rule, however, exact compensation is 
difficult to obtain, and for very accurate work it is advisable 
to use instruments of either type Bi or D. 

standard 
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Fig. 73. 



2. They possess a very good scale, see Fig. 19, whose 
divisions are not exactly equal, being slightly compressed at 
the bottom, but they can be made to very nearly meet this 
desirable requirement. 

3. From the nature of the movement a very large angle 
of swing, amounting to about 300*^, is possessed by these 
instruments. If this large swing is fully utilised, then the 
divisions are very open, with the result that readings are 
easily taken with a very fair amount of accuracy. There are," 
however, certain drawbacks to a long scale which have already 
been mentioned. 
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c. Wattmeters. 

In these instruments the poles used are sometimes shaded, 
sometimes unshaded. In the previous section the instrument 
described was of the first kind, so that here we will confine 
ourselves entirely to the consideration of the second kind. 

Construction, — The construction is similar to that of the 
ammeter and voltmeter of this class, but in a single-phase 
instrument two magnets at least are required, and for two- 
and three-phase instruments more in proportion to the number 
of phases. The electromagnets are wound one with a winding 
suitable for an ammeter, the other with a winding suitable for 
a voltmeter, and are placed near to one another, both, of 
course, embracing the rim of the disc. 

The windings are connected to the circuit exactly as in 
the case of the ammeter and voltmeter. 

The same remarks as to power measurement, as have been 
made with regard to the type Bi instrument when connected 
to polyphase circuits, also apply here. 

Theory. — It is easily seen from what has already been said 
on page 83 that, if the poles are arranged as shown in Fig. 74, 

a shifting field will be the re- 
sult, and further, that the cyclic 
changes will be the same as 
those given in Table 6, in which 
the column called "induced 
flux " is now to be called " shunt 
flux." It follows, therefore, that 
the disc will revolve in the same 
direction as before, that is from 
shunt to main. Further, the 
^^^' 74. torque will again be propor- 

tional to the product of the 
magnitude of the shifting flux and the magnitude of the 
induced currents in the disc. In order to deduce the fact 
that the torque is proportional to the power of the main 
circuit, let us consider the state of affairs at any instant when 
the power factor is unity. 
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In Fig. 75, let O E be the voltage vector, and let it, at the 
instant considered, have described an angle// from its original 
position. Now, since the shunt magnet consists of many- 
turns of fine wire wound on an iron core, the self-induction will 
be sufficient to make the current flowing in it practically 90° 
out of phase with the voltage E producing it. By means of 
any of the compensating devices used in practice the flux 
OSi produced by this current can be made to lag exactly 
90° behind O E. The eddy 
electromotive force induced in 
the disc by the shunt flux will 
be O Sj^ lagging 90° behind 
O Si, and if the disc has no 
self-induction, then the eddy 
flux due to the shunt coil may 
be represented by O D2 in 
magnitude and direction. 

Since the power factor is 9^ 

unity, the main current vector 
O C coincides with the main 
voltage vector O E, but the 
flux produced by the main 
current will lag by a small 
angle Q, owing to hysteresis in 
the iron. Therefore, we may 
represent the main flux vector 
by O Ml. The eddy electro- 
motive forces induced in the disc by this flux will lag 90° 
behind it, and may be represented by OM^^, consequently 
O Di will represent the eddy flux due to the main flux. 

The torque of this instrument depends on the electro- 
dynamic action of the fluxes present in it, of which there are 
four, viz. : O Mi, O Si, O Di, and O Dg. It is clear from 
Fig. 75 that no effective torque can be exerted between O Mi 
and O Di, or O Si and O Dg, since they are respectively per- 
pendicular to one another. As a result, the only torques 
which need to be considered here are those exerted between 
O Ml and O D2, and O Si and O Di. 




an 



Fig. 75. 
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' The torque exerted between O Mi and O Dg is equal to 
the product of the instantaneous value of these functions, 
that is 

Ti = {OMisin (Z^-^)} { - O D2 cos (90 - / /)} Co (i) 
similarly torque between O Si and O Di is 

Ta = { - O Si cos/ ^} { - O Di cos (/ / - e)\ Co (2) 

Where Co is a constant depending on the construction of 
the instrument. 

From the construction of the instrument it is seen that 
these torques are acting on the disc in opposite directions, 
therefore the total torque is 

T = Ti - T2= {-OMiOD3sin(//-^) . cos (90- /O} Co 
- {OSi ODiCos/^. cos (/)^- ^)} Co . (3) 

Now it follows that the ratio of the main eddy flux to the 
main flux will be the same as the ratio of the shunt eddy flux 
to the shunt flux, and will be dependent on the frequency of 
the system and the resistance of the disc. 



ODi 

and 



o m; - ^' 



OD, _ p 

osr~ ^ 

that is 

O Di = O Ml . Ci 
and 

OD2 = OSi. Ci 

Substituting these values for O Di and O Da in equation 3, 
we obtain 

T = - CoCi OMi OSi {cos/^. cos(// - ^) + 
sin//, sin {pt- 6)] 
= - Co Ci O Ml O Si cos d. 
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Now Ci and Co are constants, and O Mi and O Si represent 
the main current C and main voltage V respectively, therefore 

T = — C V cos 6 . const 

Suppose now that the current lags by an angle </> behind 
the voltage in the main circuit, then it is easily seen from the 
vector diagram that the angle will become (0 + </>), there- 
fore 

T = " CVcos {0 + <f>) . const. 

If be so small as to be negligible, then 

T = — C V cos (f> const. 

The negative sign simply shows the direction of the torque, 
and since the instruments are spring controlled 

D oc C V cos </). 

Errors. — As has been shown on page 62, the total error 
may be represented as the fraction 

Reading of instrument in watts — true watt s 
true watts 
which in this case 

^ C V cos (</) + g) - C V cos <f> 

C V . cos </) 
= - tan </) . ^ 

In this instrument can never be reduced to such a small 
quantity as it can be in type Bi wattmeters. 

The errors which occur in shifting field wattmeters are as 
outlined under the ammeter and voltmeter of this class. 

No. I is the same as before and must be compensated in 
a similar manner. 

No. 2. In the theory the torque is shown to be 

= - Co Ci O Ml O Si cos 0. 
Now O Ml, which represents the main current, is practically 
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independent of /, the frequency, since the coefficient of self- 
induction in that circuit is small. But O Si, which represents 
the current proportional to the main voltage, is proportional 

to — , since there is an angle of lag equal to 90° in this circuit. 

Also, Ci = ^ where R = resistance of disc. 

By substitution in the above formula it is found that 

T = - Co ^ C — cos ^ 

= - ^ C V cos ^ = - C V cos ^ . const. 

It is thus seen that the readings given by this instrument 
are practically independent of variations in frequency, 

Nos. 3, 4, and 5 now become errors, since the current to 
be measured is rarely the same as that with which the instru- 
ment was calibrated. 

As a result of these various errors, these instruments can 
only be looked upon as accurate when used upon a unity 
power factor system. 

As to advantages, these wattmeters correspond very closely 
with the ammeter and voltmeter. 



d. Idle Current Wattmeters. 

Construction. — Since instruments of this class only work 
when the currents producing the shifting field are 90° out of 
phase, a simple method of measuring the wattless component 
of the power is at once evident. For if a wattmeter movement 
similar to that just described, see page 88, and with the volt- 
age coil so wound and connected that the current in it is in 
phase with the current in the main coil, then as the theory will 
show, the reading given by the instrument will indicate the 
so-called wattless watts. Beyond the method of winding the 
shunt coil, there is no diflference between the construction of 
this instrument and that of the ordinary wattmeter. 

Theory, — The vectors used in Fig. j6 have the same signi- 
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ficance as in the previous section. In this instrument, however, 
the shunt flux O Si will, for unity power factor, coincide with 
the voltage vector O E, O Da the eddy shunt flux will of 
course be 90° behind this. The total torque is now 

T = Co { - O Si O Di cos (90 -pi) . sin (90 -^ pt + d) 
+ O Ml O D2 cos (90 -pt + 6). sin (90 - pt)} 

= CoCi O Si O Ml { - cos (90 - pt) . sin (90 - pt + 6) 
+ cos (go - pt + 6) . sin (90 - pt)} 

= - CoCi O Si OMi sin ^ .... (i) 

If the main current lags by an 
angle <^ behind the voltage, then the 
angle becomes ^ + </>. 

.-. T= - CoCiOSiOMi. 

sin (0 + </>) 

Now, if 6 is made very small, so 
as to be negligible, then equation i 
is zero, that is to say, the instrument 
does not indicate if there is no lag in 
the main circuit. But when a lag 
occurs to the extent of (j> say, then 

T = - CoQ O Si O Ml sin (f> 

and this is equal to 

T = — V C sin <^ const 




Fig. 76. 



Now C sin (f) is the wattless component of the current, thus 
the instrument will give a reading proportional to the wattless 
watts. 

If V be made constant, then the instrument will give read- 
ings proportional to the wattless current in the circuit. 

Errors. — The errors which occur in this instrument must 
be the same as those in the ordinary wattmeter of this system 
with the exception of No. 2, since the construction of the two 
movements is similar, and therefore what has been said respect- 
ing the latter with regard to their elimination will^equally apply 
to this. 
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With regard to error No. 2, it will readily be seen that the 
readings of this instrument must be greatly affected by fre- 
quency. The current in the shunt coil is now in phase with 
the main current, and consequently will be nearly independent 
of the frequency provided the self-induction is comparatively 
low. Thus the torque becomes 

= — Co ^ C V cos d approximately. 

There is no doubt, but that this error might be partially 
reduced by the application of the method outlined under the 
ammeter and voltmeter, see page 85, but this adjustment 
would be difficult to perform accurately. 



e. Frequency Meter. 

Construction, — This instrument 
differs slightly from those already 
described in that it possesses two 
laminated electromagnets M, situated 
as shown in Figs. TJ and J^, acting 
on an aluminium disc D, eccentric- 
ally pivoted, or of irregular shape, 
which is capable of rotating in the 
gaps of the magnets just mentioned. 
The magnetising coils C are wound 
in opposite directions with an equal 
number of turns of wire of the same 
gauge as that used for type Bg volt- 
meter. One of the poles of each 
magnet has a screen S similar to 
that described on page 81. The 
disc is fixed to a spindle which also 
carries the pointer and balance weights, and the whole is very 
carefully balanced so as to be capable of remaining in any 
position which the forces cause it to take up. The spindle is 
pivoted between jewel centres, and no form of control is needed. 
The magnetising coils are connected on lines similar to that 




Fig. 77. 
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described on page 69 for the moving coil of the single-phase 
power factor indicator. One end of each coil is joined together, 
and the common junction brought to a terminal of the instru- 
ment The other two ends are respectively connected to the 



Fig. 78. 



other two terminals. When the instrument is connected to 
the circuit, the terminal to which the common junction is joined 
is directly connected to one main. The other two terminals 
are brought to a resistance box 
having two branches (see Fig. 
79). The common junction of 
the branches in its turn is con- 
nected to the other main. 

Theory, — Since one of the 
magnetising coils has an induc- 
tive resistance, and the other has 
a non-inductive resistance in 
series with it, it follows that the 
one circuit has a much greater 
impedancethan the other. When 
a current of definite frequency 
flows through the instrument cir- 
cuit, certain currents will flow 
through the coils, the amount in 

the one case depending on the impedance and in the other on 
the resistance of the coil. Now since the magnets are wound 
oppositely, the torques will oppose one another, and when 
equal will balance. If the frequency of the main circuit 
change, the impedance of the inductive circuit will be altered, 
and as a result, the torque exerted by this magnet will also 




Fig. 79. 
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be altered, while the torque exerted by the other magnet re- 
mains constant. Now this alteration in torque will cause the 
disc to rotate, but since the disc is irregularly shaped, the 
rotation will reduce the torque due to one magnet and increase 
that due to the other magnet, and thus obtain a balance in 
which the disc will remain at rest. Hence the instrument 
may be calibrated to read frequency. Fig. 80 will give some 
idea of what the scale of this instrument is like. It will be 
noticed that it is comparatively short, but that the divisions 
are nearly equal. 



Fig. 80. 

Errors, — With the exception of No. 2 (frequency) the 
errors of this instrument will be practically the same as given 
on page 84 for the ammeter and voltmeter of this class. 

There is no outstanding advantage which can be claimed 
for this instrument, and as far as the accuracy of the readings 
and the ease with which a reading can be made is concerned, 
it is not so good as the vibrating reed form described in 
Chapter X. 

/. Leakage Indicator. 

Instruments of this class could be constructed to measure 
the insulation of a system in a somewhat similar manner to 
that done in type C instruments, but up to the present, they 
have not been developed to any great extent. Probably, this 
is due to the greater cost of such instruments over the type 
C class. 
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CHAPTER VI. 

ELECTRO-DYNAMIC PRINCIPLE. INDUCTION 

SYSTEM. 

Rotating Field Class. 

The foundation for the manufacture of these instruments was 
laid by Professor G. Ferraris in 1885, when he discovered the 
method of producing a rotating field by the superposition of 
two alternating fields. The original idea was to use this fact 
as the basis for an alternate current motor, but when experi- 
ments were conducted with the motor they designed, it was 
found unsuitable for their purpose. It was then suggested by 
the Professor that the small motors which could be built on this 
principle might be used in the construction of electricity meters. 
This was done, and they were found to answer very well. 
The switchboard instruments about to be considered are a 
modification of these electricity meters. 

a, b. Ammeters and Voltmeters. 

Constrtiction. — For a rotating field to be produced, it is 
clear that two or more sets of coils must be used, and that the 
currents flowing in them have a phase relation to one another 
such as conforms to the theorem given on page 73. 

In these instruments, two sets of poles are used which are 
each wound with about the same number of ampere turns, so 
as to produce approximately equal* fluxes. The one set A, 
Fig. 81, is made practically non-inductive, so that the current 
in B is nearly 90° out of phase with that in A. 

In the centre of the instrument is placed a circular block 
of stampings, the size being such as to leave a narrow gap 

H 



Digitized by VjOOQIC 



98 Switchboard Measuring Instruments. 

between the pole faces and themselves. A hollow aluminium 
or copper drum D is pivoted in the usual way between jewels, 
so as to move evenly in this gap. The spindle which carries 
the drum also has attached to it the pointer, balance weights 
and spring. This movement is practically dead-beat, but an 
additional damping force which is sometimes added usually 
takes the form of a horse-shoe magnet (which must of course 
be shielded), acting on the drum. 




Fig. 81. 

For ammeters, the resistance of the instrument must be 
kept low in order to avoid a large power consumption. This 
end is realised by putting a low resistance in series with one 
set of coils which, combined with the self-induction possessed 
by the other set, is found sufficient to produce a satisfactory 
rotating field. 

On the other hand, the resistance of a voltmeter must be 
high. This is obtained by winding the coils with a much 
smaller gauge of wire than that used for ammeters, which had 
to be of sufficient section to carry the current to be measured. 
In series with one set of coils is placed a high non-inductive 
resistance, and in series with the other a choker, the two sets 
being connected in parallel to the terminals of the instrument. 

Ammeters of this class can be used on circuits carrying 
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currents up to 300 amperes if connected as given below, but 
for ranges above this transformers have to be used. Ordinary 
voltmeters, however, cannot be used on circuits above 500 volts 
unless connected with a voltage transformer. 

Connections,^ — For single-phase circuits, the ammeter is 
directly connected in one of the mains (see Fig. 81). In the 
case of two- and three-phase systems, two and three instru- 
ments respectively must be used if the current in each phase 
is required to be known, unless the system is a balanced one^ 
in which case the current in each phase is equal. 




Fig. 82. 

The voltmeter is always connected across the mains in 
series with a resistance if needed (see Fig. 82), and may be 
provided with a switch so as to read the voltages across the 
other mains, if used on a polyphase system. 

Theory, — It is seen from the configuration of the parts in 
this instrument that the resultant field produced due to the 
superposition of the different fluxes will be a rotating field and 
not a shifting one. The centre about which the field rotates 

H 2 
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is the centre of the drum, so that the field is always cutting 
the surface of the drum at right angles. Now, since in this 
instrument there are only two main fluxes, one due to A coils, 
the other due to B coils, the same theory as has been given 
for wattmeters, class i of this system, will also hold good here 
with the following modifications. 




Fig. 83. 

In Fig. 83, let OE, OC, d,pt, Co and Q have the same 
meaning as before, and let 

O Ml = flux due to A coils 
O Si = flux due to B coils 

which, in this case, is 90°, or, nearly so behind O Mi 

O Di = eddy flux in drum due to flux O Mi 
O Da = eddy flux in drum due to flux O Si 

Then, as before 

Ti = O Ml O Da = {O Ml sin (^/ -(?)}{- Q D^ 

sin (pt" 6)} Co 
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and 

Ta = O Si O Di = { - O Si sin (90 - // + d)\ { - ODi 

sin (90 -//+ ^)} Co 

T = Ti - T2 = Co {- OMiOD2sin2(//- 6)] - Co 
{OSi ODiCos2(//- e)\ 

= - Co Ci O Ml O Si {sin^ (pt -- 0) + cos^ {pt - 0)} 

= - Co Ci O Ml O Si 

Now, in ammeters O^Mi and O Si are both proportional to 
C, the main current, therefore 

T = — C- const. 

since both Co and Ci are constants. 

If the instrument is a voltmeter, then 

T = — V* const. 

The negative sign as before simply shows the direction of 
the torque, and since the controlling force of the instrument is 
that of a spring, therefore 

D oc C^ or V2 

Errors. — From the similarity between this and the shifting 
field instrument, it follows that the errors of this will be much 
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the same as those of that instrument given on page 84, and 
must be corrected in a similar manner. 

Figs. 84 and 85 show the error in a voltmeter and ammeter 



Digitized by VjOOQIC 



I02 Switchboard Measuring Instruments, 

respectively, due to variations in frequency. The small curve 
in Fig. 85 gives this error as found in one of the latest am- 
meters made by the American Westinghouse Co., and gives 
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an idea of how excellently compensated these instruments can 
now be obtained. 

Advantages, — These are practically the same as in the 
former class. There is, however, not so large a swing of 
pointer, and, consequently not so long a scale, but by a slight 
modification in the construction this could easily be obtained. 

c. Wattmeters. 

Construction, — The construction of this instrument is 
practically the same as that already described for an am- 
meter or voltmeter, but the connections have to be altered. 

One set of coils is wound similarly to those required for a 
voltmeter, that is, with a large number of turns of small gauge 
wire ; the other set is wound with a wire of section capable 
of carrying the main current. These instruments require four 
terminals, to two of which the current coils are connected, and 
to the remaining two the voltage coils. In order that the 
current flowing in the latter may be made to lag exactly 90° 
behind the voltage, a very neat device is commonly employed 
with these wattmeters. A Wheatstone's bridge P Q R S is 
made up of two arms P Q and S R, containing self-induction 
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and two Q R and P S possessing only resistance. Any two 
opposite corners of this bridge P and R are connected across 
the mains, as shown in Fig. "^6, the other two corners Q and 
S are connected to the voltage terminals of the instrument. 
By suitably adjusting the four arms, it is possible to obtain 
exactly 90° difference of phase between the voltage of the 




Fig. 86. 

mains and the voltage across the instrument colls. This 
arrangement prevents any small error which might otherwise 
arise due to the phase difference not being exactly 90''. 

Connections, — The current coils are put in one main, and 
the voltage coils across one phase for a single- and two- or 
three-phase balanced systems. For two- and three-phase 
unbalanced circuits, two wattmeters have to be used, and 
these are usually combined in one case, as has been described 
for the type Bi wattmeters. 

Similar remarks to those on page 58, with reference to 
power measurement, also hold good in regard to these instru- 
ments. 

Theory and En^ors. — These are identical with those for 
the wattmeters of class i, and need not, therefore, be again 
considered here. 
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The divisions of the scate of this instrument can be made 
very nearly equal, as is well seen from Fig. 87, which is a 



Fig. 87. 

photo of a Ferraris wattmeter as made by Messrs. Siemens 
Bros. 
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CHAPTER VII. 
ELECTRO-MAGNETIC PRINCIPLE. 

Moving Iron System. 

For private installations where a small switchboard is neces- 
sary, this type of instrument is the one most frequently used, 
because it can be made sufficiently accurate for all practical 
purposes at a very small cost. It can be given a finish in all 
respects as good as that given to type A or B, and is now 
being very largely used in connection with small motors. 

a, b. Ammeters and Voltmeters. 

Construction, — All of the instruments on this principle 
consist of a piece of iron which is pivoted, so that it can move 
from the weaker into the stronger part of a field, which field 
is produced in some form of solenoid. 

There are usually between 400-600 ampere-turns on the 
solenoid, which generally consists of a bobbin (wound with 
the requisite number of turns), and made preferably of insulat- 
ing material, but it may be of metal if care is taken to prevent 
the generation of eddy currents in it. 

For ammeters, the size of wire or strip will vary as the 
range of the instrument, since the whole of the current to be 
measured has to pass through the solenoid. In the case of 
high range instruments, from 400 amperes and upwards, the 
coils may be made of cast copper, no bobbin then being 
necessary. This is an excellent design, since it gives a large 
surface for radiation. 

In ammeters, the number of turns needed will, of course, 
vary inversely as the current to be measured. In the case of 
voltmeters, a current of 0*05 ampere is used, and consequently 
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about SCXX) turns are required, the gauge of wire being 36 to 
40 S.W.G. When this coil is fixed in an iron pot, the prin- 
cipal axis is usually placed horizontal, and parallel to the base 
of the pot, so that very little of the return path of the lines 
may lie in the iron case, since the magnetisation of the pot 
would introduce an error. If the coil has been fixed with its 
principal axis at right angles to the base, it should be mag- 
netically insulated from it, and at least 0*5 inch left between 
the bottom of the coil and the base of the pot ; or the pot 
might be cut away in the neighbourhood of the bottom of the 
coil, and an insulator substituted, if some form of magnetic 




nh 



c ! 



I 1 



Fig. 88. 

shield has been provided outside this insulator. There is a 
further advantage in having the axis of the coil parallel to 
the base, in that when fixed on a switchboard where the bus- 
bars are placed immediately behind, the effect of currents 
flowing in these bus-bars will be nil, whereas if fixed perpen- 
dicular to the base, the effect will be a maximum. 

The movement. Fig. 88, consists of a piece of soft iron I, 
which is attracted into the core of the coil C. This moving 
iron is attached, either directly or by means of a light arm, 
to the spindle, so as to convert the pull of attraction into a 
torque. 

The control employed most frequently is that of gravity 
No. 4, page 23, but a spring control is sometimes used when 
the instrument is fixed to an unsteady switchboard, as on a 
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motor car or ship. The commonest form of damping employed 
is No. 2a, page 24. The pot, pointer, balance weights, scale, 
opening, and method of pivoting, are practically the same as 
for type A ammeter and voltmeter, page 41. 





Fig. 90. 



The great aim of the manufacturer in designing instruments 
of this system, is to make them cheap and reliable. Since 
they are cheap, they will have to do duty under all sorts of 
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conditions, and it is essential, therefore, that the pot be her- 
metically sealed, so that dampitess laay not rust the moving 
iron. To further guard against rust, the iron is frequently 
plated with nickel, copper, or zinc. Besides, as they will be 
often under the control of people who know very little about 
electricity, they must, therefore, be made exceptionally strong, 
and further the solenoid should be capable of standing an 
overload of 50 per cent, for some time without seriously affect- 
ing the accuracy of the instrument. 

Theory. — The moving iron is attracted into such a position 
by the field of the coil, that the magnetic reluctance of the 
circuit is reduced to a minimum, that is, it depends on the 
pull which the coil exerts, and this is proportional to the 
square of the flux density, consequently, this instrument will 
approximately follow a square law. 

The effect produced by this movement on the equality of 
the scale divisions is very well shown in Figs. 89 and 90, which 
are the scales obtained from a voltmeter and ammeter respec- 
tively. 
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Instrumcilt Reading 
Fig. 91. 

Errors, — The only errors likely to seriously affect these 
instruments are caused by : — 

1. Stray magnetic fields. 

2. Hysteresis. 

3. Change of wave form. 

4. Change of frequency. 

I. Instruments that possess a strong field of their own are 
less likely to be affected by strong external fields than those 
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which have only a weak field, but to protect such instruments 
it is usual to put the movement in a cast-iron pot. This 
effectually protects them from stray fields, but in its turn 
produces error, unless care is taken to arrange the coil as 
described in the construction, page 106. Fig. 91 gives the 
error found in an ammeter at different loads, due to a bus-bar 
carrying a current of 1000 amps, at a distance of one meter. 

2 and 3. — It is found that with this type of instrument 
the readings taken when going up the scale are less than 
those taken when coming down for the same reading on the 
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Fig. 93. 



standard, as shown in Fig. 92. This error is due to hysteresis 
in the soft iron movement. Fig. 93 shows the error produced 
by hysteresis in a somewhat different manner from Fig. 92. 

Here the readings of the instrument due to the current 
flowing in the positive direction are plotted against those of 
the standard. The current is now reversed and a second set 
of readings taken, these being plotted as before. The differ- 
ence between the curves shows the error due to hysteresis. 
Since hysteresis is the lagging of the magnetic condition 
behind the magnetising force, it follows that in order to 
reduce this error, either a very low or else a very high flux 
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density must be used. This can be seen from B and H curve. 
Fig. 94, which shows that the increase in B is small for small 
increases of H, at low values of H, and again at very high 
values. In this figure the values of H have not been pushed 
as far as to approach saturation. When this is done the 
curve will have a similar shape to that shown in Fig. 23. It 
follows that for these two stages of the magnetisation of the 
iron, the lagging caused by hysteresis will be practically 
negligible, and of the two the first is the preferable, because 
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Fig. 94. 

in the high density case, although less iron is required in the 
movement, thereby reducing power consumption and friction 
loss, it is found that the instrument will depend on the instan- 
taneous value of the current rather than on the R.M.S. value. 
Thus this form of instrument will be seriously affected by 
changes in wave form, see Fig. 95, where currents possessing 
wave forms of the same constants respectively as those used 
in the test on induction instruments, page 87, are employed. 
The instrument had only a small amount of iron in its move- 
ment, which was consequently highly saturated. In the low 
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density case there will necessarily be increased power con- 
sumption, but the forces acting on the moving iron will now 
be nearly proportional to the square of the current, the instru- 
ment then reading the R.M.S. value. 

4. Since the current in the main coil will depend on its 
impedance, any variation in the frequency will produce a 
corresponding alteration in the current, consequently the 
readings will be inaccurate if the instrument has not been 
calibrated at the frequency for which it is to be used. It is 
therefore necessary, when designing the magnetising coil, to 
keep the coefficient of self-induction as low as possible, and 
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to increase the resistance as much as is reconcilable with low 
power consumption. Fig. 96 shows a very bad case of fre- 
quency error in a voltmeter. Modern instruments can now be 
obtained which are practically free from this source of error. 

When these instruments are to be used on both continuous 
current and alternating current circuits, some makers shunt 
the magnetising coil with a small choking coil capable of 
carrying about 5 per cent, of the working current when con- 
tinuous current is used, but owing to the choking effect of the 
auxiliary coil it only carries 2 per cent, when employed on 
alternate current circuits, thus providing an additional 3 per 
cent to overcome the increased impedance in the main coil. 
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The instrurtfents just described are the commonest of this 
system, i.e. moving iron system, but there is frequently met 
with another type, which although be- 
longing to this system does not work 
on the electromagnetic principle. 

Construction, — Within the coil C, 
Fig. 97, which is similar to that de- 
scribed page 105, are placed two pieces 
of soft iron, one of which is fixed A, the 
other B is attached to a spindle, which 
is pivoted so as to be able to move 
through a fairly large angle. Fig. 98 
shows a photo of the movement of this 
instrument as put on the market by 
Messrs. Nalder Bros, and Thompson, 
but Fig. 99 shows a somewhat different 
construction, adopted by Messrs. John- 
son and Phillips, a small piece of iron 
being fixed outside the tube, and the 




Fig. 97. 



tube then put in a coil. 




Fig. 98. 

Theory, — Since two pieces of soft iron are placed side by 
side in the same field, they will have induced in them at the 
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same ends a like polarity, either a north or a south pole, 
according to the direction of the flow of the current in the 
coil, and they will therefore repel one another. This force 
of repulsion will be proportional to the product of the 
strengths of the induced poles, consequently, if these are 
made nearly equal, this instrument will also follow, very 
approximately, a square law. 



Fig. 99. 

The errors to be guarded against in these instruments are 
practically the same as those given on page 108, and need 
not be reconsidered here. 

c. HoRSE-Pov^ER Meter. 

The power of a current or the rate at which a current does 
work in a circuit, is measured by the product of the current 
into the voltage (CV), that is the watts, according to the defini- 
tion of the watt already given. But 746 watts is the electrical 

CV 

equivalent of mechanical horse-power. Therefore — - will be 

the horse-power expended in the circuit. 

Now if the voltage remains constant or practically so, the 
power becomes proportional to the current, consequently an 
ammeter may be calibrated as a horse-power meter. Such an 

I 
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instrument was found desirable in connection with the com- 
mercial use of motors, as it indicates without calculation what 
the motor is doing. 

Since it has been assumed that the voliage must be con- 
stant, this instrument can only at its best be approximately 
accurate, as in no circuit in which it is likely to be used is it 
possible to maintain the voltage invariable for any length of 
time. A further disadvantage occurs when these instruments 
are used on alternating current circuits since the horse-power 
will now be proportional to C V cos <^. An instrument could 
of course be calibrated so as to read correctly if cos <^ were 
known, but as this is rarely constant, these instruments when 
used in alternate current work can only at their best be good 
indicators. 

d, Ohmmeters. 

These instruments are ammeters calibrated in ohms, and 
generally used to measure insulation resistance. The insula- 
tion resistance of a circuit should be perfect or nearly so, and 
as a consequence, the leakage currents which are likely to flow 
will be very small, therefore the most suitable instrument to 
use is a milli-ammeter. 

The construction of this instrument will be the same as a 
high resistance ammeter of this system. Since the instrument 
is to be used to read very small currents, it must have a large 
number of ampere-turns on the magnetising coil in order to 
get the necessary pull. From this it follows that the resistance 
of the instrument must be high, and, further this is essential 
should, by chance, the insulation resistance become nil, because 
then the instrument would be directly across the mains (see 
Fig. I go). Therefore, the gauge of wire used on the magnetis- 
ing coil must be small, usually, it is about No. 36 S.W.G. 
This instrument is connected as shown in Fig. 100, in which E 
represents a good earth connection for middle point of switch 
K. Ri and R2 are the resistances to earth of the two mains 
I and 2 respectively. 

Theory, — Supposing the voltage of the system to remain 
constant, then the current flowing through the instrument is 
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inversely proportional to the resistance of the circuit, that is, 
to R -j- G, where R = resistance of the insulation in ohms, and 
G = resistance of the instrument in ohms. R is usually very 
many times greater than G, so that for practical purposes G 
may be neglected. Thus instead of calibrating the instrument 
as an ammeter, it may be calibrated in ohms, to read the insu 
lation resistance, since for any variation in R, the pointer must 
change its position. 




Fig. 100. 

Error, — Since this instrument is made on practically iden- 
tical lines with electromagnetic ammeter described on page 105, 
it must suffer from errors to which that instrument is subject. 
But these errors are small compared with the error introduced 
by the voltage of the mains, if this voltage is not constant and 
the same as that used in calibration. 

Advantage. — As in the case of the horse-power meter, the 
only advantage which can be claimed for this instrument is 
that it gives a rough-and-ready indication, at a low initial out- 
lay. This instrument is another form of leakage indicator, but 
not so accurate as the instrument made for that purpose. 

e. Leakage Indicators. 

These instruments may be used on either alternate or 
continuous current circuits. Reliable readings, however, can- 
not be obtained from them when used on the former, owing 
to the fact that capacity or displacement currents are also 

I 2 
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measured by the instruments, and these mask the true leakage 
currents, often to such an extent as to make the readings of 
no use. Nevertheless, there is this advantage about them that 
they indicate any serious fault which may occur on the system, 
and thus allow the attendant to take the necessary precautions 
for the prevention of damage to plant, etc. When it is known 
on which main the fault exists the insulation resistance may 
be found by means of any of the ordinary testing sets while 
the plant is not running, or the exact position of the fault may 
be located by means of one of the well-known tests as Varley*s, 
Blavier's, etc. 

Construction, — In many respects these instruments are like 
type A. They consist of an ordinary type C movement, but 
with a winding of fine wire, so that the instrument will read in 
milli-amperes. The other parts of their construction are the 
same as in an ammeter or voltmeter of this system. 

For instruments which are to work off one phase only, a 
central zero scale is provided ; but for other circuits the scale 

o V>'-^ "<2% 

\^^ Fig. .o,. %/ 

is as in ordinary instruments. Fig. loi will convey some 
idea of the spacing of the scale divisions of this type of 
instrument. 

In two-wire continuous current and single-phase systems, 
the connections are the same as those shown in Fig. 40. In 
two-phase circuits two instruments are usually employed, one 
for each phase, in which case the connections are similar to 
those for a single-phase instrument. In three-phase circuits 
with the neutral point inaccessible, one instrument can be used 
if an artificial neutral point is made. Normally the switch 
remains on the neutral point as shown in Fig. 102. When 
readings are to be taken, it is successively passed on to stops 
I, 2 and 3, thus testing the three mains. 

To understand what the readings of the instrument indi- 
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cate, let us consider the case of a short on No. i main. Since 
the instrument circuit has a high resistance and is in parallel 
with the leakage path of No. i main, it follows that if there is 
a short on this main, that is, if the resistance of the leakage 
path is low, then the reading on the instrument will either be 
zero or else very small. When 
the switch is passed to stops 
2 and 3, the readings will be very 
large since the instrument is now 
practically connected across the 
mains i and 2, and I and 3 re- 
spectively. This is the worst 
possible case which can occur, 
but if leaks from the mains are 
in existence, the smallest reading 
of the instrument when tried on 
stops I, 2 and 3, will generally 
indicate the main on which the 
insulation is worst. It is not 
difficult to see that under certain 
conditions the readings of these 
instruments will be difficult to 
interpret. -^ 

If, however, the neutral point ^^^' ^°^* 

is available, then an ordinary 

ammeter is connected between it and earth, thus indicating the 
sum of the leakage currents. A switching arrangement similar 
to that used in the previous case cannot be used here, since it 
would interrupt the continuous earth-connection from the 
neutral. 

There is another method in common use for measuring the 
leakage currents from an alternate current system. This is to 
superpose upon the circuit a continuous current of small 
magnitude, and measure the amounts which leak to earth by 
means of a milli-ammeter. This method of testing gets rid 
of the disadvantages met with when measuring the alternating 
current leakage, but the insulation resistances can only be 
obtained from the readings with considerable trouble. 
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/ Frequency Meter. 

Construction. — The constructional idea upon which this 
instrument' is designed is the same as that used in the type B2 
frequency meter. Two voltmeter movements are used. These 
two movements are so arranged that the action of the one 
opposes that of the other, while both are communicated to a 
common spindle which also carries the usual balance weights 
and pointer. Thus the pointer will simply show the difference 
between the two forces due to the separate movements, and it 
is easily seen that no controlling force is needed. The magne- 
tising coils, which are the same as for the voltmeter described 
on page 105, are connected in parallel, one branch of which is 
made highly inductive by means of a choker, and the other 
made practically non-inductive by the addition of a non-induc- 
tive resistance. This parallel circuit is put across the mains. 

Tlieory, — If the frequency change, then the pull on the 
moving iron of the inductive branch will change also, while 
that of the other will remain practically constant. But the 
pulls exerted by these coils for any particular frequency will 
cause the moving system to come to a state of balance. It 
follows therefore that for every change of frequency a new 
position of balance will be taken up, and thus the pointer will 
indicate any variation in the frequency. 

Errors, — The errors which one would expect to find in 
these instruments are the same as in the moving iron volt- 
meter given on page 108, but of course No. 4 can no longer 
be counted as one. Errors would be introduced by variations 
in voltage if these were large, but they may be neglected if 
the voltage variation does not exceed ± 10 per cent. 
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CHAPTER VIII. 
ELECTRO-THERMIC PRINCIPLE. 

HoT-WiRE System. 

Probably the first commercial instrument to be built on this 
principle was the voltmeter designed by Major Cardew about 
1887. Since that time, many modified forms of his well-known 
construction have appeared on the market, but none of them 
have ever been largely used in England. From the many 
drawbacks which the instrument possesses, it is remarkable 
that it should have been used as largely as it has been. But 
the reason for this may be put down to the fact that it was, 
when it first appeared, about the only satisfactory dead-beat 
instrument which could be obtained for use on alternate 
current circuits. 

a, b. Ammeters and Voltmeters. 

Construction. — These instruments are usually made of a 
wire, the temperature coefficient of which is negligible and the 
specific resistance high, stretched between two supports with 
some mechanical arrangement to take up the sag in the wire 
caused by its expansion when a current flows through it. 
Whatever arrangement is used to take up this sag, it is con- 
nected with the pointer, thus causing the instrument to show 
the expansion in the wire due to a definite current. The work- 
ing wire is generally made of platinum silver, but any alloy 
which conforms with the conditions stated above, will do. 
The size of wire used may vary according to the range of 
instrument wanted, but it is found in practice that a wire of 
0*0025 inch in diameter is the smallest which can safely 
be employed. With a small wire there is always the danger 
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that the instrument may be burnt out by a sudden overload. 
Further, it is more difficult to protect such an instrument 
with a fuse, since in the fuse a wire considerably smaller than 
the working wire has to be employed, and when this is the 
case, very careful handling of the instrument is necessary. On 
the other hand, when a large wire is used, it possesses less 
resistance for the same length, and that, with an increased 
radiation surface, the result being that the pointer takes 
longer to reach its proper position. 
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Fig. 103. 



Fig, 104. 



Instruments constructed on this principle readily lend 
themselves to use as voltmeters, see Figs. 103 and 104, since 
the wire itself must have a high resistance, and another high 
resistance E R can easily be put in series with it in order to 
make the readings proportional to the voltage. In the case of 
ammeters a slightly larger wire than 0*0025 inch in diameter 
is used, which is the size of wire commonly met with in volt- 
meters. This larger wire about 0*04 inch in diameter, is 
divided up into several parts which are connected in parallel, 
see Fig. 105, so that the combination is now capable of carry- 
ing 5-10 amperes as its normal load. All ammeters are sup- 
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plied with fuses which are made of a wire of such diameter 
that It melts when carrying a little over the maximum load. 
For ammeters above lO amperes, shunts such as described on 
page 25 require to be used, the terminals of the instrument 
being connected to the two blocks of the shunt. Since the 
v/ire will expand or contract for any variation in the tempera- 
ture of the outside air, it is necessary to attach some device to 
the instrument, so that this sag may be taken up. Usually, 
the supports carrying the wire W are fixed to a base of a 
material whose coefficient of linear expansion is the same as 
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Fig. 105. 

that of the wire. But, as a rule, a further piece of apparatus 
D Fig. 104 is supplied which can be used by the attendant to 
take up any permanent set which the wire may have acquired. 
The pointer and balance weights are fixed to a spindle which 
is pivoted between jewel centres as described for type A in- 
struments, page 40. On this spindle is generally fixed a 
small pulley P round which is brought the fibre F which takes 
up the sag in the working wire, one end of the fibre being 
fixed to a spring, so that it is always under a constant tension. 
When the wire expands, the fibre is pulled by the spring, so 
as to take up the sag, thus rotating the spindle through 
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an angle proportional to the expansion of the wire. These 
instruments will be quite unaffected by stray fields, so that an 
iron case is not essential. Though the instruments are usually 
very dead-beat, yet additional damping is sometimes required, 
in which case any of the methods described on page 24 may 
be used, and of these magnetic damping is the most suitable. 

Theory. — I-et 

C = current in amperes flowing in hot wire 
To = initial temperature of wire in ° C. 

T = final temperature of wire in ° C. 
Ro = initial resistance of wire in ohms at temp. T©. 

R = final resistance of wire in ohms at temp. T. 
/ = time current flows in sees. 

<r = temperature coefficient of wire. 

Then by Joule's law, the quantity of heat in calories pos- 
sessed by the wire due to the passage of the current for time 
/= C^R/ X 0-239. 

But at the same time that heat is being given to the wire 
it is also giving up heat by radiation and convection to the 
surrounding medium. 

The quantity of heat given up by unit surface in unit time 
being proportional to the difference between the final and 
initial temperatures, may be represented as k^ (T — T^). 
Consequently, since / = I 

0-239 C^R = /&oS(T -To) 

where S = total radiating surface of the wire. 

NowR = Roll +o-(T -To)} 
.-. o-239C^Ro{i +(r(T - To)} = /&oS(T - To) (i) 

Now, if /o = original length of wire, a = coefficient of linear 
expansion of the material of the wire, and b = expansion of 
wire due to rise in temperature of (T — To) ° C. 
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Then ^ = ^ 4 (T — To) 

T - To = -^ . . . . (2) 

substituting this in equation (i), we obtain 



or, 



where 
and 



o-239C>R.J.+,(A)|=,.s^-^ 

\ /o ^0 



a 



/&2='^^ 



a 0*239 Ro 






^0 



* . 



and since - is usually very small, we may write 



= ^27 - ^1^2(7 ) 
*0 ^^0 

Now the instrument is so arranged that its readings are 
proportional to the expansion of the wire, consequently there 
is in the last equation a connection between the current and 
the deflection. If, as might possibly be done, the second term 

^1^2 (7 ) were made negligible, then the deflection of the in- 
Vo^ 

strument would be proportional to C^, but in practice, this is 

only approximately so. 
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The quantity k^ is called the emissivity of the wire, and 
varies with the temperature, so that the above equations can 
only be assumed as correct when the temperature change is 
small. Further from the great difficulty there is of obtaining 
accurately this quantity, the result deduced is of little practical 
value, but it serves to show what should theoretically be the 
case. 

Errors, — The following sources of error may cause 
trouble : — 

1. Variation of zero. 

2. Creeping in the readings. 

3. Shunt troubles. 

1. There is always a great deal of uncertainty about the 
zero which may require to be attended to every time the in- 
strument is put in the circuit. This may be due to, either 
variation in the temperature of the surrounding air, or to the 
fact that the wire has not shrunk back to its original position, 
but has acquired a permanent set. This error may be elimi- 
nated by means of the device mentioned in the construction, 
page 121. 

2. This will result if the coefficient of linear expansion of 
the base is not the same as that of the wire itself, for the 
method of preventing this, see construction, page 121. It 
may further result from sudden changes of temperature, since 
the wire will much more readily adapt itself to these than the 
base. But as this is never very large and soon disappears, it 
may be neglected. 

3. Errors here introduced by the shunt will be the same 
as numbers 5 and 6, page 43, and must be avoided in a 
similar manner to that described there. 

Advantages, — i. The principal advantage of this type of 
instrument is its freedom from serious error. The readings 
are entirely free from errors arising from frequency, wave 
form, and stray magnetic fields, while the error due to self- 
induction is so small as to be negligible. 

2. Further, they can be used in either alternating current 
or continuous current circuits without recalibration, giving the 
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same accuracy on both. This is of great use to the maker, 
since he can calibrate the instrument with a continuous 
current. 
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Disadvantages, — i. As might be expected, the power con- 
sumption is very large, see Table III. 
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2. There is always the risk of the wire being fused due to 
an overload. Although the instrument-wire is usually made 
to stand an overload of lOO per cent, if gradually applied, it 
is found that a sudden overload nearly always destroys the 
wire. 

3. Since the instrument depends on a square law, the 
scale will also follow the same law. Consequently the read- 
ings will be very close together at the bottom and far apart 
at the top of the scale. This is certainly an advantage in the 
case of voltmeters, but is anything but an advantage for am- 
meters. The lowest reading which can be taken on the latter 
being about 10 per cent, of the maximum. 

The truth of these remarks is well shown by Figs. 106 
and 107, which are the scales obtained from an ammeter and 
voltmeter respectively. 
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CHAPTER IX. 
ELECTROSTATIC PRINCIPLE. 

Moving Vane System. 

This instrument is founded on the principle enunciated on 
page 4. The first practical instrument was Lord *KeIvin's 
electrostatic voltmeter for high pressures. For switchboard 
work there is not a great deal to recommend this instrument, 
since on high pressures, where it would most likely be em- 
ployed it is now possible to use type A for continuous current 
circuits or types B and C for alternating current circuits in 
conjunction with potential transformers. 

a. Voltmeter.. 

Constrttction, — This instrument consists of an air-condenser, 
whose capacity is varied according as a light vane acting as 
one plate of the condenser moves nearer to or away from a 
pair of fixed blades acting as the other plate. 

There are two forms which are commonly met with, one 
in which the blades are curved, the other in which the blades 
are flat. In the first form the parallel fixed blades are bent 
into the shape of a cylinder, the moving vane being also of 
cylindrical shape, but of such a radius that when pivoted at 
the centre of curvature of the fixed blades, can move between 
them equidistant from both. In the second form, the blades 
and vane are flat. Fig. 108, and parallel to one another, the 
vane V being, of course, equidistant from both blades F. 
The vane is generally made of aluminium in order to reduce 
the weight of the moving parts, and is given such a shape as 
will produce the best obtainable form of scale. The fixed 
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blades are brought as near together as permissible with the 
voltage on which the instrument is to be employed, and are 
completely covered with mica, so as to reduce the chances of 

sparking. The spindle to which 
the moving system is connected 
is made as light as possible. It 
carries the pointer and balance 
weights, and is either pivoted 
between jewels or allowed to 
rest on knife edges. The great 
object in the design of the 
moving part is to reduce fric- 
tion to a minimum, as the avail- 
able moving force is very small. 
In order to increase this moving 
force as much as possible, the 
fixed blades are brought near 
together, but as this increases 
the risk of breakdown due to 
sudden rise of voltage, to safe- 
guard the instrument, a spark gap is sometimes put in parallel 
with it across the mains, but with a narrower gap than exists 
between the vane and the fixed blade. This is, however, found 




Fig. io8. 




X 



Fig. iio. 



unsatisfactory, as the silent discharge produces ozone, which 
rapidly destroys the insulation of the instrument. There is 
now much more frequently found either a high non-inductive 



Digitized by VjOOQIC 



Electrostatic Principle. 129 

resistance, or a fuse of very fine wire substituted for the spark 
gap, see Fig. 109. The control most commonly met with is 
that due to gravity, but a spiral spring control is sometimes 
employed. Owing to the lightness of the movement the 
instrument is fairly dead-beat, but an additional damping 
force I or 2a is usually supplied. This instrument is satis- 
factory up to about 5000 volts, but above this trouble is 
(experienced in properly insulating the working parts. To 



Fig. III. 

increase its range a battery of condensers is used in conjunc- 
tion with it, see Fig. no. The condensers are all in series 
and equal in capacity, the number' used depending on the 
voltage to be applied to their terminals. If this battery of 
condensers is connected across the mains, the voltage across 
any one condenser will be inversely proportional to the 
number in series, so that if the voltmeter is applied to the 
terminals of one of them, it may be calibrated to read directly 
the voltage on the mains. 

K 
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To measure low pressures, another form of the instrument 
has to be adopted. In this multicellular voltmeter, see 
Fig. 1 1 1, a number of blades similar to those just described 
are connected in parallel, and have a vane moving between 
each pair. It is thus possible to obtain the necessary power 
required to work the instrument for pressures as low as 
40 volts. 

The pot used for this type of instrument was, until recently, 
nearly always made of ebonite or stabilit, but by very care- 
fully insulating all the working parts, it is quite possible to 
use an iron or brass pot, at any rate for voltages up to 1 000. 
There are only two terminals on this instrument, one being 
connected to the moving vane system, and the other to the 
fixed blades, through fuses if these are used. These two 
terminals are connected one to each main of a continuous 
current circuit, or across one phase of an alternating current 
circuit. 

Theory. — Let V = Potential differences between vane and 
blade. 
D = deflection in degrees. 
Co = change in capacity of moving system 
for unit deflection. 

From the electrical side, the energy of the system is 

= J C V^ where C = capacity 

= iCoD. V^ 

If the instrument is spring controlled, then this energy is 
balanced by the energy stored by the spring. 

If Fo = force exerted by the spring per unit deflection, 
then average force for a deflection of D = J D Fq, and conse- 
quently, energy stored is = ^ Fq D^. 

iCoDV2 = iFoD2 

D = ^0 Y2 

Fo 

If Fo and Co are constant, then D = K V^ where K is a 
constant. 
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It follows from this that the scale should follow a square 
law, but in practice it is found that this is not the case, 
although approximately so. The reason for this is not far to 
seek, for although F©, for most modern springs, is practically 
constant throughout the range of deflection, C© is a variable^ 
depending principally on the shape and arrangement of the 
blades and vanes. 

Except in multicellular instruments, Fq is usually very 
large compared with Cq, so that in order to obtain a satisfac- 
tory deflection V must be great. 

In the case of an instrument in which a gravity control is 
employed instead of a spring control, a similar line of argu- 
ment may be employed. 

Here, however, the energy which balances the electrical 
energy is obtained from the force of gravity, and the vertical 
distance through which the centre of gravity of the vane 
moves from the *' at rest " position to that representing the 
deflection D. 

Errors, — These may be due to — 

1. Electrostatic fields. 

2. Stray magnetic fields. 

3. Leakage in the condensers. 

1. If the pot is made of a non-metallic material, it will be 
found that when it is rubbed a static field is set up. This 
brings into play forces not taken account of when calibrating 
the instrument, the result being that the instrument becomes 
inaccurate until the charge produced by the rubbing is dissi- 
pated. In order to overcome this trouble a coat of a con- 
ducting varnish is generally given to the pot before it leaves the 
works. 

2. Eddy currents will be set up in the vane and blades by 
stray magnetic fields. A small error is thus introduced which 
is in most cases so small as to be negligible. 

3. If any of the condensers leak, the voltage across their 
terminals will not be the same as before, hence the propor- 
tionality of the voltage across the instrument to the voltage of 
the mains may be altered, and the calibration thus made use- 

K 2 
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less. This error may be overcome by carefully designing the 
condensers so as to reduce leakage to a minimum. If the same 
condensers are used, and in the same manner, for work as 
when calibrated no error would be introduced. 

Advantages, — i. Their calibration is not likely to alter 
after long use. 

2. Their power consumption is nil. 

3. They are independent of temperature changes. 

4. They will measure with equal accuracy on either con- 
tinuous or alternate current systems. 

Disadvantges, — I. A short and uneven scale, see Fig. 112, 
on which the divisions are close together at the bottom and 




opened at the top. This can be partially got over by altering 
the shape of the vanes, but this only affects the scale to a 
small extent. Prof. Ayrton suggested in 1893 that a con- 
denser might be placed in series with an electrostatic volt- 
meter, the capacities being about the same. The voltage to 
be measured is applied to the terminals of the combination. 
It is known that the voltage will divide itself between the 
condenser and the voltmeter inversely as their capacities. 
Thus when the moving vane is at its farthest out position, the 
capacity is least, consequently the voltage is greatest, and as 
the moving vane is attracted inwards between the fixed blades, 
the voltage will gradually decrease. Hence the readings will 
be opened out at the lower end of the scale, and will thus be 
rendered nearly equal throughout the length of the scale. 

2. It is ill-adapted for portable use, and greater care has 
also to be taken with the switchboard form than with other 
instruments. 

3. The great disadvantage of the instrument is the weak- 
ness of the effective moving force. 

4. Large cost. 
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b. Leakage Indicators. 

For high-tension mains where a grave risk would be 
incurred if the mains were connected to earth through an 
ordinary instrument, this type of leakage indicator is very 
suitable. Previous to the use of this type for the purpose, it 
had been customary to employ a voltmeter worked off the 
secondary of a transformer. This method enabled ordinary 
voltmeters to be used. 

Construction, — There are to be met with in practice various 
forms of this instrument which do not differ greatly from one 
another. They will be described below under the system on 
which they are commonly used. 

Continuous Current and Single-phase, — Here two sets of 
quadrants or blades are used between which the needle moves. 
The sets are connected one to each main, sometimes through 
condensers, but more frequently through resistances. The 
needle in this instrument is connected to earth and is so placed 
that it is acted on by both sets of blades. The deflection 
will be proportional to the algebraic sum of the leakage 
currents, inclining to one side or the other of the central zero 
as the insulation resistance of the one main is greater or less 
than that of the other. 

Two-phase, — Here two single-phase instruments are used. 

Three-phase, — In this case three single-phase instruments 
are generally employed. There are, however, instruments to 
be met with which have all three movements in one case, and 
instead of using six sets of quadrants or blades each needle 
is so arranged that only three sets require to be used, and three 
scales to be provided. 

As has been stated under type C leakage indicators the 
readings of instruments on two- and three-phase circuits can- 
not be relied on, so that these must needs be regarded as indi- 
cators, and some other method, such as has already been 
suggested, be employed to find the actual condition of the 
mains. Fig. 1 1 3 shows a central zero electrostatic leakage 
indicator scale, and gives some idea of its arrangement. 

The insulation resistance of the mains cannot be obtained 
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directly from the readings of any of these instruments. In 
the case of the continuous current system it is possible by 
shunting the instrument with a known resistance, and taking 

Fig. 113. 

a second reading (the first being on the unshunted instrument) 
to calculate the resistance of the insulation. But this is 
unsuitable for switchboard work, so that on the whole these 
instruments must be considered only as indicators and 
nothing else. 



Digitized by VjOOQIC 



135 



CHAPTER X. 
RESONANCE PRINCIPLE. 

Vibrating Reed System. 

The principle of resonance has as yet been used in electri- 
cal engineering, only for the measurement of the frequency 
of an alternating current. An instrument constructed on this 
principle is very convenient, as it obviates the difficulty of 
making a calculation. The frequency of the current supplied 
by an alternator may be obtained from the formula 

/ = -^ X r.p,s, / 

•^ 2 ^ 

where 

/= frequency in cycles per sec. 

/ = no. of poles. 

r.p.s. = no. of revolutions per second. 

But as a rule a tachometer is a difficult instrument to read,, 
and a considerable amount of error is liable to creep in by 
this method. It was to overcome this difficulty that the 
instrument about to be described was designed. 

Construction. — Probably the earliest form of instrument 
built on this principle was that introduced by Mr. K. Camp- 
bell, in which was employed a steel reed whose length could be 
varied. The reed was put into vibration by an electromagnet, 
the winding of which carried the current whose frequency was 
to be measured. The reed was set in such a way that it would 
vibrate at a lower frequency than that intended to be 
measured, then its length was gradually decreased until the 
instrument emitted a sharp jarring noise. By the mechanism 
used for altering the length of the reed a pointer was made ta 
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move over the scale, so marking the required frequency, which 
was indicated to the ear of the operator when the jarring noise 
occurred. 

The latest form of this instrument consists in employing 
a number of steel reeds R, each tuned to vibrate at one fre- 
quency only. These reeds are fixed around, but at a distance 
of about o* 25 inch away from, the periphery 
of the pole of an electromagnet, as shown 
in Fig. 114. 

They may be rigidly fixed to the same 
base as this magnet, or may be fixed to a 
separate base which is set into vibration by 
the magnet ; an instrument of the latter 
form is shown in Fig. 1 1 5. 

The magnet consists of a laminated 
iron core, with one pole A shaped as 
shown in Fig. 1 14, on the core of which is 
wound a large number of turns of wire, 
whose gauge will depend on the voltage on which the instru- 
ment is to be used. 

The reeds are made of well-annealed strip steel, which 
possesses as an essential quality a natural frequency which 
will remain constant for an indefinite time. In thickness, 
they are about 0*025 i"ch, and from 0*125 to 0*1875 inch 
wide. The length is constant, and is calculated to ^wo, 
approximately the highest frequency commonly employed 
in practice. In order, therefore, that the reeds may have 
different periods of vibration, the free end W is weighted, 
usually with solder. The larger the weight added, the slower 
are the oscillations. In this manner almost any frequency 
required can be obtained with one standard length of reed. 
The usual difference of frequency employed between each 
consecutive reed is i per cent, for frequencies in the neigh- 
bourhood of the standard, but this is by no means fixed, as 
it can be easily altered to suit the accuracy with which it is 
desired to read the frequency. 

The scale is constructed of the usual Bristol board backed 
with a metal plate, and the whole instrument is fixed in an 
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iron or brass pot ; Fig. 116 shows the outside view of an 
instrument built on the construction shown in Fig. 1 14. 



Fig. 115. 



Fig. 1x6. 
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Fig. 117. 



The two ends of the magnetising coil are connected to 
two terminals on the instrument, these in turn are connected one 
to each main of the system through a high resistance, so that 

the instrument is put across the mains, 
see Fig. 117. 

Theory, — The field set up by the 
current in the winding of the electro- 
magnet is an alternating field of the 
same frequency as the current, conse- 
quently the attracting force exerted 
by the magnet on the reeds will reach 
a maximum twice in each cycle. Let 
the reed have a frequency of vibration 
such that it makes one complete vibra- 
tion for a variation in the attracting 
force of from zero to maximum. Now 
suppose that the reed is in the posi- 
tion marked 2 in Fig. 114 when the attracting force is a 
maximum, then by the time this force is again at its maxi- 
mum, the reed will have made one complete vibration, and be 
in the same position. Further, the sum of the instantaneous 
attracting forces will be much greater while the reed is travel- 
ling from I to 3 than from 3 to i. Now it can easily be seen 
that each time the reed swings from i to 3 it will receive a 
fresh impulse, which will keep it going at a definite speed. 
Successive impulses given to the reed coincide with its natural 
vibration, so that the amplitude of the swing is augmented till 
the air resistance and molecular friction of the spring, resisting 
the motion, are sufficient to balance the augmenting force. 
Thus for any given frequency only one reed will give a large 
vibration, and is consequently easily picked out from the four 
or five reeds vibrating. 

If the electromagnet be wound with another coil having 
the same number of ampere turns as the winding already on 
it, but in this case fed with continuous current, the range will 
be doubled, since this secondary winding will polarise the 
magnet, and thus wipe out one attraction and double the 
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other. Thus if one of these instruments were put on 50 ^^ 
circuit, the original 25 -^ reed would vibrate. 

Errors, — The errors which this instrument is liable to in 
calibration and construction are so trifling that it can easily 
be made to read within o • 2 per cent, of accuracy. 

Advantages, — The great advantage possessed by this 
instrument over every other type of switchboard instrument 
is the ease with which a reading may be taken. Another 
advantage is that intermediate frequencies can quite readily 
be estimated to within \ per cent, if the consecutive reeds 
have a difference of i per cent. 
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APPENDIX. 



' The abbreviations which are used in the following list of 
references have meanings as given below : — 



Abbreviations. 


Full Title. 


Am. Elect. . . . 


American Electrician. New York. 


Am. Jour. Sc. . 


Proceedings of the American Association for the 




advancement of Science. Philadelphia. 


Elect 


Electrician. London. 


Elect. Eng. . . . 


Electrical Engineer. London. 


Elect. Jour. . 


Electric Journal. Pittsburg. 


Elect. Mag. . . . 


Electrical Magazine. London. 


Elect. Rev. . . . 


Electrical Review. London. 


Elect. Wld. . . . 


Electrical World. New York. 


Elek. Zeit. . . . 


Elektrotechnische Zeitschrift. Berlin. 


Engin 


Engineering. London. 


Jour. Franklin Inst. 


Journal of the Franklin Institute. Philadelphia. 


L'^lect 


L'lElectricien. Paris. 


L'Ecl. Elect. . . 


L'Eclairage Electrique. Paris. 


Phil. Mag. . . . 


Philosophical Magazine. London. 


Proc. A.I.E.E. . . 


Proceedings of the American Institution of Elec- 




trical Engineers. New York. 


Proc. I.E.E. . . 


Proceedings of the Institution of Electrical .En- 




gineers. London. 


Proc. Jun. I.E.E. . 


Proceedings of the Junior Institution of Electrical 




Engineers. London. 


Prcc. Civil Eng. . 


Proceedings of the Institution of Civil Engineers. 




London. 


Sc. Abs. . . . 


Science Abstracts. London. 
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LIST OF REFERENCES. 



B, 



Name of Paper. 



Electrical measuring in- 
struments 
Ditto 



Kelvin's patents . , 

New alternate current in- 
struments 

Electrical measuring in- 
struments 

Electrical measuring in-j 
struments at Paris > 
Exhibition (German) ) 

Ditto (French, and others) 

Instruments et m^thodes 
de mesures electriques 
industrielles 

Electrical engineering 
measuring instruments 

Direct reading measuring i 
instruments for switch- 
board use 

Some recent electrical 
measuring instruments 

New iron-cored instru- 
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